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time	 of	 the	 wastewater,	 which	 would	 tend	 to	 decrease	 the	 amount	 of	 hydrogen	 sulfide	








Methane	 is	 a	 problem	 acknowledged	 in	 some	 sewer	 networks	 around	 the	 world	 and	 is	
particularly	of	concern	in	China	where	sewer	explosions	can	occur.	Septic	tanks	are	integrated	
parts	of	many	Chinese	sewer	systems	and	methane	is	believed	to	be	produced	not	only	in	
sewer	 pipes,	 but	 also	 in	 septic	 tanks.	Work	 has	 been	 done	 to	 look	 at	 how	 the	 anaerobic	
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Model	parameters	in	WATS:	!"	 Hydrogen	sulfide	formation	rate	#$%	 Heterotrophic	active	biomass	in	the	water	phase		#$&	 Heterotrophic	active	biomass	in	the	biofilm	#'(	 Hydrolysable	substrate,	fast	biodegradable	#')	 Hydrolysable	substrate,	slowly	biodegradable	*+ 	 Fermentable	substrate	*,	 Fermentable	products	(i.e.	VFAs)	*'	 Readily	biodegradable	substrates	(*+ + *,)	*/	 Dissolved	oxygen	
COD	 Total	COD	*$0'	 Total	sulfide	1%	 Temperature	coefficient	for	heterotrophic,	aerobic	water	phase	processes	1&	 Temperature	coefficient	for	aerobic	biofilm	processes	12 	 Temperature	coefficient	for	reaeration		13&	 Temperature	coefficient	for	sulfide	formation	in	the	biofilm	µ$%,/0 	 Maximum	specific	aerobic	growth	rate	for	heterotrophic	biomass	in	the	water	phase	(day-1)	µ$%,6/7 	 Maximum	specific	anoxic	growth	rate	for	heterotrophic	biomass	in	the	water	phase	(day-1)	8&	 Relative	efficiency	constant	for	hydrolysis	of	the	biofilm	biomass	9:(	 Hydrolysis	rate	constant,	fraction	1	(fast)	(day-1)	9:)	 Hydrolysis	rate	constant,	fraction	2	(slow)	(day-1)	;/	 Saturation	constant	for	DO	(g	O2	m-3)	;6/7 	 Saturation	constant	for	nitrate	(g	N	m-3)	;'%	 Saturation	constant	for	readily	biodegradable	substrates	in	the	water	phase	(g	COD	m-3)	;<(	 Saturation	constant	for	hydrolysis,	fraction	1	(fast)	(g	COD	(g	COD)-1)	;<)	 Saturation	constant	for	hydrolysis,	fraction	1	(fast)	(g	COD	(g	COD)-1)	
8	
	
=>,/0 	 Maintenance	energy	requirement	rate	constant	for	aerobic	respiration	in	the	water	phase	(day-1)	?$%,/0 	 Yield	constant	for	aerobic	growth	of	heterotrophic	biomass	in	the	water	phase	(g	COD	(g	COD)-1)	?$%,6/7 	 Yield	constant	for	anoxic	growth	of	heterotrophic	biomass	in	the	water	phase	(g	COD	(g	COD)-1)	?$&,/0 	 Yield	constant	for	aerobic	growth	of	heterotrophic	biomass	in	the	biofilm	(g	COD	(g	COD)-1)	*(ABB)	 Total	C$0' + C$'D 	in	the	water	phase	(g	S	m-3)	*'/E 	 Concentration	of	sulfate	in	the	water	phase	(g	S	m-3)	FG*	 Precipitated	metal	sulfide	expressed	in	units	corresponding	to	a	water	phase	concentration	(g	S	m-3)	
	 	








j	 Process	index	;,/Q,V 	 Acid-base	rate	constant	for	component	i	;XYZ 	 First	order	decay	rate	for	biomass	death	;[\	 Gas-liquid	transfer	coefficient		;>	 Specific	Monod	maximum	uptake	rate	;"	 Acid-base	equilibrium	constant	;$	 Henry’s	law	coefficient		;B	 Inhibition	constant	;'	 Monod	half	saturation	constant	]V 	 Nitrogen	content	of	component		^_"3	 Pressure	of	gas	^`	 −bcd(e[*$g]	^;"	 −bcd(e[;"]	=	 Flow	*B	 Inhibition	component		i	 Time	j	 Temperature	J	 volume	?3kl3m2"mY 	 Yield	of	biomass	on	substrate	nV,o 	 Rate	coefficient	for	component	i	on	process	j	pq2rXkZm,3kl3m"mY 	 Yield	(catabolism	only)	of	product	on	substrate		^V 	 Rate	for	process	j	#Z 	 Composite/Particulate	material	#Z:	 Carbohydrates		
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#q2 	 Proteins	#sV 	 Lipids	#B	 Particulate	inerts	*B	 Soluble	inerts	*3k	 Monosaccharides		*""	 Amino	acids	*&"	 Total	LCFA	(long	chain	fatty	acids)	*t"	 Total	valerate	*lk	 Total	butyrate		*q2r	 Total	propionate		*"Z 	 Total	acetate	*:)	 Hydrogen		*Z:u	 methane	*BH 	 Inorganic	carbon	*B6	 Inorganic	nitrogen		#3kA:)	 Biomass	*Z"m	 Cations	*"v	 Anions		p3s,wZ 	 Soluble	inerts	from	composites		pws,wZ 	 Particulate	inerts	from	composites		pZ:,wZ 	 Carbohydrates	from	composites		pq2,wZ 	 Proteins	from	composites		psV,wZ 	 Lipids	from	composites	]wZ,]B		 Nitrogen	content	of	composites	and	inerts		p&",sV 	 Fatty	acids	from	lipids		p:),3k	 Hydrogen	from	sugars	plk,3k	 Butyrate	from	sugars	pq2r,3k	 Propionate	from	sugars	p"Z,3k	 Acetate	from	sugars	p:),""	 Hydrogen	from	amino	acids		
11	
	




































































































































































transformations	 are	 taking	 place	 in	 wastewater	 (Hvitved-Jacobsen	 et	 al.,	 2013).	 This,	 for	
example,	leads	to	the	formation	of	noxious	or	hazardous	gases	such	as	hydrogen	sulfide	and	
methane	through	the	biochemical	transformations	of	wastewater	in	sewers.	Hydrogen	sulfide	
is	 a	universal	problem	existing	 in	almost	all	 sewer	 systems	 in	 the	world,	due	 to	hydrogen	
sulfide	causing	in	odour	nuisance	and	sewer	corrosion,	and	consequently	of	air	pollution	and	




and	 regions	 such	 as	 US,	 Australia	 and	 China	 (Guisasola	 et	 al.,	 2008).	 Significant	methane	






































relative	 contribution	 from	 septic	 tanks	 and	 sewer	 pipes,	 from	 biofilm,	 wastewater,	 and	
sediments.	 It	 has	also	been	 focused	on	 the	adaptation	of	 the	 in-sewer	process	models	 to	
different	physical	structures	in	the	sewer	networks	to	allow	for	a	more	holistic	approach	to	
system	modelling.	The	sources	of	uncertainty	in	the	application	of	the	WATS	model	to	the	




2	 summarises	 literature	 review	on	 the	 current	 situations	 related	 to	 the	 topics.	 Chapter	 3	
works	on	 the	effect	of	hydraulic	 condition	 in	 sewer	pipes	on	 sulfide	 formation.	Chapter	4	
investigates	 the	 most	 sensitive	 model	 parameters	 especially	 COD	 fractions	 on	 sulfide	







































Urban	 drainage	 system	 is	 the	 infrastructure	 for	 the	 interactions	 between	 human	 water	
consumption	activities	and	natural	water	cycle	in	urban	areas.	The	urban	drainage	system	is	
the	 combined	 term	 for	 three	 main	 components,	 namely	 sewer	 systems,	 wastewater	
treatment	 plants,	 and	 receiving	 waterbodies	 (Butler	 and	 Davies,	 2010).	 Urban	 drainage	








weather	 flows	 and	 hence	 stormwater	 runoff	 will	 not	 be	 discussed	 further.	 Wastewater	
generally	 contains	 a	 complex	 mixture	 of	 soluble	 substrates	 and	 solids,	 which	 are	 either	
organic	 and	 inorganic	 (Butler	 and	 Davies,	 2010).	 Fresh	 wastewater	 which	 has	 just	 been	
discharged	from	sources	is	normally	a	light	grey	colour	with	a	soapy	and	musty	smell	(Marleni	







The	 concentrations	 of	 dissolved	 substrates	 and	 insoluble	 materials	 are	 assessed	 as	











Davies,	 2010).	 These	 parameters	 are	 very	 important	 for	 understanding	 the	 wastewater	
transformation	processes	and	for	modelling	approach.	
	
Solids	 is	 one	 of	 the	 three	 states	 of	matter,	 which	 is	 structural	 rigidly	 in	 wastewater	 and	
resistance	 to	 shape	 or	 volume	 changes.	 Four	 categories	 of	 solids	 have	 been	 classified	 in	
wastewater	 based	 on	 particle	 size:	 gross	 (>6000μm);	 grit	 (6000μm	 -	 150μm);	 suspended	
(150μm	 -	 0.45μm);	 dissolved	 (<0.45μm),	 with	 the	 former	 two	 fractions	 contribute	 to	 the	
growth	of	biofilm	and	sediments,	and	the	dissolved	fraction	in	particular	contributing	to	the	
biochemical	 transformation	 processes	 (Butler	 and	 Davies,	 2010).	 The	 amount	 of	 solids	 in	
wastewater	varies	in	different	sewer	systems,	and	the	larger	particles	can	easily	build	up	and	
causing	 blockages	 (Laplace	 et	 al.,	 1992).	 It	 is	 the	 flow	 rate,	 velocity	 and	 shear	 stress	 that	
control	the	movement	and	build-up	of	solids,	hence	for	combined	sewers	the	occasional	high	
storm	water	flows	are	often	required	to	move	the	solid	load	through	the	systems	in	order	to	









wastewater	 which	 determines	 the	 aerobic,	 anaerobic	 or	 anoxic	 processes	 of	 wastewater	
transformation	 (Hvitved-Jacobsen	 et	 al.,	 2013).	 The	 influencing	 factors	 on	 DO	 saturation	
concentration	in	wastewater	are	complex,	and	mainly	depend	on	temperature,	pressure,	pH,	
flow	 rate	 and	biochemical	 transformations	 in	 the	 sewer	 systems	 (Li	 et	 al.,	 2013).	 The	DO	
21	
	
saturation	 concentrations	 of	 dissolved	 oxygen	 vary	 due	 to	 different	 locations	 and	 flow	
conditions	along	a	 sewer	 system	and	 is	dependent	on	 the	 reaeration	 rate	and	 the	uptake	
processes	(Huisman	et	al.,	2004a).	The	DO	concentration	in	wastewater	decreases	with	the	
increase	of	 temperature	and	 the	decrease	of	atmospheric	pressure.	Typical	DO	saturation	
concentration	 in	water	 is	 between	 11.33mg/l	 and	 10.15mg/l	 at	 10℃	 to	 15℃	 (Butler	 and	
Davies,	2010),	while	typical	average	DO	concentration	in	wastewater	is	around	4g/m3	in	most	























normally	 used	 to	 characterize	 the	 concentration	 of	 organic	 compounds	 in	 wastewater	
(Hvitved-Jacobsen	 et	 al.,	 2013),	 while	 the	 biochemical	 oxygen	 demand	 (BOD)	 is	 used	 to	
22	
	
indicate	 the	 amount	 of	 biodegradable	 organic	 matter	 (Orhon	 et	 al.,	 1997).	 The	
biodegradability	of	wastewater	 is	defined	by	BOD/COD	ratio,	where	a	high	BOD/COD	ratio	
means	readily	biodegradable	wastewater,	and	a	low	ratio	indicates	it	is	comparatively	slowly	
biodegradable	 (Vollertsen	 and	 Hvitved-Jacobsen,	 2002).	 It	 is	 all	 the	 particle	 and	 soluble,	
readily	and	slow	biodegradable	organic	matter	participate	in	the	transformations.	They	are	
specified	 to	 individual	 fractions	 in	 sewer	 processes	 models.	 The	 biodegradability	 of	
wastewater	 needs	 to	 determine	 some	model	 parameters.	 This	 can	 be	 done	 by	means	 of	
analysing	oxygen	utilization	 rate	 (OUR)	 (Xu	and	Hasselblad,	1996).	 The	 calculation	of	COD	




is	 very	 important	 for	 both	 the	 chemical	 and	biological	 transformations	 and	 the	modelling	
approaches	on	in-sewer	processes	(Nielsen	et	al.,	1992).	
	
Other	 important	 parameters	 are	 nitrogen,	 phosphorus	 and	 sulphur,	 which	 also	 play	 a	
significant	role	in	in-sewer	processes.		Protein	and	ammonia	nitrogen	are	the	main	forms	of	
nitrogen	 and	 organic	 nitrogen,	 they	 are	 normally	 expressed	 as	 ammonia	 (NH3)	 and	








sulfides	 (S2-),	 and	hydrogen	 sulfide	 (H2S)	both	 in	water	and	gas	phase.	 Sulfate,	 sulfite	and	
sulfides	influence	the	formation	of	hydrogen	sulfide	in	sewers,	and	hydrogen	sulfide	released	






Sewer	 systems	 are	 the	 drainage	 systems	 for	 collecting	 and	 conveying	 wastewater	 and	
stormwater	 to	 treatment	 plants	 or	 discharging	 it	 to	 the	 environment	 in	 appropriate	
conditions	(Read,	2004).	Foul	sewage	comes	from	domestic,	industrial	and	commercial	water	
consumption;	stormwater	includes	flows	from	urban	areas	such	as	roofs,	streets,	and	paved	












sewer	 system	 was	 constructed	 as	 combined	 system	 in	 the	 past	 (except	 in	 some	 specific	
countries	such	as	tropical	areas	with	significant	amounts	of	precipitation),	and	they	are	still	
commonly	 existing	 in	 older	 towns	 and	 cities	 (Metcalf,	 2003).	 In	 early	 20th	 century,	 the	
separated	 system	 (sanitary	 sewer)	 was	 introduced.	 Foul	 sewage	 and	 stormwater	 were	
discharged	separately	to	treatment	plants	and	natural	watercourses	without	interactions.	The	
partially	 separated	system	 is	generally	a	 separated	system,	only	backyards	and	back	 roofs	
surface	water	is	occasionally	drained	into	sanitary	sewers	for	convenience	and	to	reduce	site	
costs	(Read,	2004).	At	current	time,	the	separate	system	is	mostly	considered	to	be	the	best	

































the	 redox	 transformation	 conditions.	 In	 general,	 there	 are	 two	 major	 transformation	
conditions	in	sewers:	aerobic	and	anaerobic	(Hvitved-Jacobsen	et	al.,	2013).	When	there	is	no	




degradation	 and	 fermentation	 (Vollertsen	 and	Hvitved-Jacobsen,	 2000).	 Both	 aerobic	 and	












production	 of	 heterotrophic	 biomass	 (Hvitved-Jacobsen	 et	 al.,	 2013).	 The	 flows	 in	 gravity	
sewers	consist	of	the	water	phase	and	the	upper	sewer	atmosphere.	Reaeration	is	a	dynamic	
process	at	the	free	water	surface	with	gas-liquid	mass	transfer,	where	oxygen	is	constantly	
entering	 the	water	phase	 from	the	upper	 sewer	atmosphere	 (Huisman	et	al.,	2004b).	The	
reaeration	rate	is	influenced	by	many	factors	and	mainly	dependent	on	Froude	number;	the	
reaeration	rate	can	be	calculated	by	models	with	empirical	equations	(Lahav	et	al.,	2006a).	
Ventilation	 is	 important	 for	 reaeration,	 but	 also	 to	 maintain	 good	 conditions	 for	 sewer	
workers.	 However,	 the	 ventilation	 in	 sewers	 is	 complex	 and	 hard	 to	 quantify	 in	 model	
simulations	 (Ward	 et	 al.,	 2011).	 The	 effect	 of	 aerobic	 process	 on	 wastewater	 quality	 is	
specifically	significant	during	dry	weather	flows	when	the	compounds	in	the	wastewater	is	
not	diluted	by	stormwater	(Flamink	et	al.,	2005).	The	aerobic	process	prominently	decreases	
the	 soluble	 and	 biodegradable	 organic	 matter	 in	 wastewater.	 However,	 the	 removal	 of	
phosphorus	 and	 the	 denitrification	 process	 are	 reduced	 simultaneously,	 the	 low	 organic	
matter	content	has	a	negative	effect	on	the	potential	removal	efficiency	in	the	downstream	
wastewater	 treatment	plants	 (Almeida	et	 al.,	 1999).	 This	problem	has	 also	 regularly	been	
reported	 at	 field	 site	 sewers	 and	 treatment	works	 (Abdul-Talib	 et	 al.,	 2002a).	Hence,	 it	 is	
important	 to	 understand	 the	 transformations	 of	 wastewater	 constituents,	 not	 only	 for	











(Mathioudakis	 and	 Aivasidis,	 2009).	 In	 order	 to	 control	 sulfide	 related	 problems,	 	 anoxic	
processes	 is	 usually	 established	 on	 purpose	 (Yang	 et	 al.,	 2005).	 Both	 the	 anoxic	 sulfide	
oxidation	 and	 the	 denitrification	 processes	 are	 very	 important	 for	 the	 potential	 removal	
efficiency	on	downstream	treatment	plants	(Abdul-Talib	et	al.,	2002b).	Process	models	have	


































										*` − C`) − C` ]`) Czz` +	`)z	 → 	C`|CzCzz` +	]`| + `)*																		(2.1)	
	
																																	*zu)A + 2C`)z + 2`g → 2`)z + 2Cz) + `)*																																						(2.2)	
	
Where	equation	2.1	shows	an	example	of	amino	acids	degradation	–	the	anaerobic	hydrolysis	
of	 cysteine,	 one	 of	 the	 major	 source	 of	 sulfide	 production	 with	 the	 participant	 of	
heterotrophic	 bacteria.	 Equation	 2.2	 indicates	 the	 complete	 redox	 reaction	 of	 sulfate	









































concrete	 and	 reacts	with	 the	 alkaline	materials	 (chemistry	 illustrated	 in	 Equation	 2.4).	 As	
equation	 2.4	 indicates	 the	 concrete	 sewer	 corrosion	 process,	 concrete	 pipes	 are	 severely	
consumed	 by	 hydrogen	 sulfide	 in	 real	 time	 situations,	 only	 left	 hard	 pebbles	 on	 the	 pipe	
surface	and	normally	in	dark	black	colour	(Nielsen	et	al.,	2008b).					
	
																																																														`)* + 2z) → `)*zu																																																										(2.3)	
	








																																																				`)*zu + FG → FG*zu + `)																																																								(2.5)	
	








shown	 in	 equation	 2.6.	 Hydrogen	 sulfide	 induced	 sewer	 corrosion	 results	 in	 costly	




The	 costs	of	 sewer	pipe	 replacement	due	 to	 corrosion	 for	Germany	and	Australia	 is	 €100	
billion	and	$100	billion	a	year	respectively	(Kaempfer	and	Berndt,	1998,	Brongers,	2002).	
	





































to	 be	 found	 in	 sewer	 systems	 (Perrin,	 2013).	 From	 Figure	 2.3	 it	 can	 be	 seen	 that	 the	




released	 from	 wastewater.	 Hydrogen	 sulfide	 gas	 released	 from	 wastewater	 phase	 can	






































prevention	 and	 decrease	 of	 hydrogen	 sulfide	 emission	 from	 wastewater	 (Nielsen	 et	 al.,	
2006a);	material	modification	for	more	resistant	concrete	pipes	to	minimize	sulfide	induced	
concrete	 corrosion	 (Monteny	et	 al.,	 2001,	De	Belie	et	 al.,	 2004);	 and	 the	 improvement	of	
sewer	system	design	for	optimized	hydraulic	condition	(USEPA,	1991).	Figure	2.4	listed	some	








Figure	 2.4	 sums	 up	 some	 of	 the	 typical	 hydrogen	 sulfide	 control	methods	 used	 in	 sewer	
systems.	 The	 most	 commonly	 used	 method	 for	 both	 preventing	 sulfide	 generation	 and	










There	 is	 also	 a	 debate	 whether	 the	 expenses	 for	 chemical	 dosage	 are	 worthwhile	 in	
comparison	with	the	management	and	replacement	costs	of	corroded	pipes.	Some	studies	
suggested	 installing	 “fat”	 concrete	 pipes	 at	 sulfide	 hot	 spot	 sections	 or	 by	 using	 specific	
sacrificial	 concrete	blocks	 for	 corrosion	at	 those	 locations,	gives	effective	management	by	
increasing	the	amount	of	material	for	the	concrete	pipes	(Nielsen	and	Vollertsen,	2014).	
	
In	 recent	 years,	 the	effect	of	hydraulic	 conditions	on	 sewer	processes	has	 received	 closer	




increased	 wastewater	 residence	 time,	 and	 amplified	 biofilm	 growth	 and	 sediment	
accumulation	(Sun	et	al.,	2015,	Shypanski	et	al.,	2015).	This	trend	is	not	a	good	phenomenon	
and	has	negative	effects	on	sewer	processes.	Further	investigation	and	study	are	required	to	















hazardous	 gas	 and	 a	 severe	 risk	 to	 human	 because	 of	 its	 highly	 explosive	 characteristics	
(Guisasola	 et	 al.,	 2008).	 The	 explosion	 limits	 of	 methane	 in	 air	 at	 standard	 pressure	
(atmosphere	 pressure)	 is	 approximately	 between	 5%	 and	 15%	 (volume	 concentration)	
(Zabetakis,	1965).	Some	studies	also	indicated	the	methane	explosion	limits	is	between	5.4%	
-	17%	in	air	volume	percentage	(Hensher	and	Button,	2003).	There	is	an	increasing	number	of	





reported	 in	 a	 residential	 area	 in	 Switzerland	 (Knoblauch	 and	 Steiner,	 1999).	 Hundreds	 of	
methane	explosions	in	sewers	in	China	are	reported	every	year.	
	





















































Intensive	methane	production	 in	sewers	has	been	reported	 in	many	studies	 in	mild	to	hot	
climate	countries	such	as	Australia,	China	and	USA,	yet	rarely	been	reported	in	cold	climate	
places	 such	 as	 north	 and	west	 Europe.	 There	 is	 a	 discussion	 as	 for	whether	 no	methane	






and	 laboratory	 conditions,	 investigations	 on	methane	 oxidation	 in	 sewers	 have	 not	 been	
found	in	the	literature.	The	growth	rate	of	methane	oxidation	microorganism	is	very	slow	and	
difficult	 (Valentine	 and	 Reeburgh,	 2000).	 Studies	 on	 marine	 science	 indicate	 an	 average	
natural	methane	oxidation	rate	in	lakes	and	ocean	sediments	of	0.02	g·CH4·m2·day	(Bastviken	
et	 al.,	 2002),	 which	 is	 far	more	 less	 compared	 to	 the	methane	 production	 rate	 in	 sewer	
sediments,	for	example,	an	average	rate	of	1.56	±	0.14	g·CH4·m2·day	(Liu	et	al.,	2015a).	One	
previous	 study	 mentioned	 methane	 formed	 in	 the	 deep	 layer	 in	 biofilms	 is	 found	 to	 be	













respect	 to	 complex	 design	 and	 costly	 traditional	 control	 strategies	 (Metcalf,	 2003).	Most	
models	were	based	on	experience	equations	and	database,	lab	experiments	and	field	work	is	
very	 important	 for	model	 validation.	 Sewer	hydrology	and	hydraulic	models	 are	 the	most	
available	 commercial	models	 in	 the	market	 (Chadwick	et	al.,	 2013).	 It	 also	had	a	vigorous	
development	of	processes	models	for	sewer	systems	and	treatment	plants	in	recent	decades.		
	












appear	 later	 with	 extended	 developments.	 The	 processes	 of	 oxygen	 consumption,	
nitrification,	denitrification	and	phosphorus	accumulating	organisms	were	added	compared	
to	ASM	No.1	(Gujer	et	al.,	1995,	Gujer	et	al.,	1999).	While	ASM	was	firstly	developed	for	the	
purpose	 of	 working	 with	 wastewater	 treatment	 plant	 processes,	 following	 studies	 has	
extended	its	applications	based	on	the	ASM	No.3;	such	as	the	modelling	of	mass	transfer	in	
biofilms	(Huisman	and	Gujer,	2002),	specific	determination	of	new	model	parameters	(Jiang	
et	 al.,	 2007),	 and	 integrated	 modelling	 of	 wastewater	 treatment	 plants	 with	 river	 water	
quality	models	(Reichert	et	al.,	2001).	
	





















sulfide	 formation	 equations	 defines	 a	 ratio	 between	COD	or	 BOD	 concentration.	 In	 1987,	
(Nielsen,	1987)	had	done	a	series	of	lad	investigations	on	the	sulfide	formation	rate	in	biofilms	
with	 real	 sewerage.	 It	 found	 the	 sulfide	 formation	 rate	 is	 50%	 -	 75%	 lower	 than	 the	 rate	
reported	in	Equations	2.8	–	2.10.	The	sulfide	formation	rate	!"	was	calculated	by:	
	







a	 sewer	 process	 model	 concept,	 and	 it	 was	 first	 introduced	 as	 the	 Wastewater	
Aerobic/Anaerobic	Transformations	in	Sewers	model	(WATS)	(Hvitved-Jacobsen	et	al.,	1998a).	
The	 aerobic	 and	 anaerobic	 processes	 were	 included	 in	 this	 concept,	 and	 therefore	







cycle.	Where	 the	 sulfide	 generation,	 precipitation,	 chemical	 and	 biological	 oxidation,	 and	
mass	transfer,	hydrogen	sulfide	emission,	reaeration,	concrete	corrosion	were	all	introduced	
and	 provided	 to	 the	 model.	 In	 present	 day,	 the	 WATS	 model	 has	 been	 extended	 and	











Figure	 2.6	 shows	 the	 schematic	 of	 WATS	 model	 expressions	 of	 wastewater	 anaerobic	
transformations	 in	 a	 rising	main	 or	 in	 a	 full	 flow	 gravity	 sewer,	 and	 the	 sulfate	 reduction	
process	in	the	biofilms.	The	transformations	of	organic	matter	are	defined	similarly	in	other	




Process	 XHw	 Ss	 XS1	 XS2	 -SO	 SF	 SA	 S(-II)	 SSO4	 Rates	
Growth	of	biomass	in	bulk	water	
phase	 1	
-1/YHw	 	 	 (1	–	YHw)/YHw	 	 	 	 	
íìíî	
Growth	of	biomass	in	biofilm	 1	 -1/YHf	 	 	 (1	–	YHf)/YHf	 	 	 	 	
íìíï	
Maintenance	energy	requirement	 -1	 -1	 	 	 1	 	 	 	 	 íñóòôö	
Hydrolysis,	fast	 	 1	 -1	 	 	 1	 	 	 	 íõúùíô	
Hydrolysis,	slow	 	 1	 	 -1	 	 1	 	 	 	 íõúùíô	
Reaeration	 	 	 	 	 -1	 	 	 	 	 	
Decay	of	biomass,	XHw	 -1	 	 	 1	 	 	 	 	 	 íù	
Fermentation	in	the	water	phase	 	 	 	 	 	 -1	 1	 	 	 íïûíñ	









to	 other	 process	models	which	 depend	on	 limited	 steady	 state	 conditions	 (Sharma	et	 al.,	
2008).	 The	 transformations	 of	 organic	 matter	 and	 COD	 processes	 in	 SeweX	 model	 was	
developed	based	on	the	WATS	model,	SeweX	implemented	different	kinetic	equations	for	the	




reduction	bacteria	 (SRB)	are	very	 important	 for	modelling	the	sulfide	formation	process,	a	
biofilm	model	was	developed	based	on	the	SeweX	model	which	provided	the	information	on	
dynamic	biofilm	growth,	change	of	biofilm	thickness,	and	sulfide	reduction	related	to	bacteria	








and	 Salgaonkar,	 1994).	 It	was	 claimed	 to	 be	 a	 new	model	 for	 the	 prediction	of	 hydrogen	
sulfide	 concentration	 in	 wastewater.	 The	 model	 was	 modified	 and	 extended	 from	 the	
previous	 SULFBAS	 and	 HS	 program	model.	 However,	 even	with	 this	 updating,	 it	 was	 still	
limited	to	only	predict	the	sulfide	generation	rate	in	wastewater	and	the	relative	hydrogen	
sulfide	concentration.	There	was	no	consideration	of	air-water	mass	transfer,	sulfide	emission	
and	 gas	 phase	 hydrogen	 sulfide	 concentration.	 The	 ECIS	 model	 had	 been	 added	 with	
calculating	 concrete	 corrosion	 by	 adopting	 the	 Pomeroy	 equation	 (USEPA,	 1991).	 It	 is	













































	 WATS	 SeweX	 INTERCEPTOR	 SPACA	 ECIS	 AEROSEPT	 EPAs	
Sulfide	generation	 Y	 Y	 Y	 Y	 Y	 Y	 Y	
Sulfide	oxidation	 Y	 Y	 Y	 Y	 Y	 Y	 N	
Mass	transfer	 Y	 Y	 Y	 N	 Y	 Y	 Y	
PH	impacts	 Y	 Y	 Y	 Y	 Y	 Y	 Y	
DO	concentration	 Y	 Y	 Y	 N	 N	 Y	 Y	
Gas	phase	process	 Y	 Y	 Y	 N/A	 Y	 Y	 N	
























a	year	 (Dürrenmatt	and	Wanner,	2014).	To	be	 specific,	wastewater	 temperature	normally	
varies	between	10	–	14	in	winter	seasons,	and	18	–	22	during	summer	periods	on	average	
(Cipolla	 and	Maglionico,	 2014).	 Temperature	 directly	 controls	 the	 formation	 rate	 of	 both	











2010).	 (Hvitved-Jacobsen	et	 al.,	 2013)	 summarised	a	desired	wastewater	pH	condition	 for	
sulfate	 reducing	 bacteria	 growth	 is	 between	 5.5	 and	 9.0.	 However,	 it	 is	 still	 unclear	 the	
influence	of	pH	value	on	sulfidogensis	and	methanogenesis	in	sewers.	Hence,	modelling	and	
field	work	had	been	conducted	in	order	to	investigate	the	pH	influence	on	these	processes	
(Sharma	et	 al.,	 2013,	 Sharma	et	 al.,	 2014).	 Results	 show	 that	when	 the	 pH	was	manually	
increased	to	8.6	and	9.0,	the	sulfate	reduction	bacteria	activities	were	reduced	by	30%	and	
50%	respectively;	 then	 the	methanogenesis	was	 the	main	process	 (Gutierrez	et	al.,	2009).	
When	a	pH	level	is	over	10.5,	the	sulfide	formation	rate	will	be	reduced	by	70%	-90%,	and	
methane	production	rate	will	be	reduced	by	95%	-	100%	as	well	(Gutierrez	et	al.,	2014).	pH	













et	 al.,	 2013).	 (Vollertsen	 et	 al.,	 2005)	 collected	 109	wastewater	 samples	 in	 Denmark	 and	
Germany	 in	 2005,	 the	 average	 total	 COD	of	 these	 samples	were	 691	mg/L	 and	 439	mg/L	
respectively.	The	COD	concentration	even	has	a	great	variation	in	a	single	intercepted	system	
with	complex	biochemical	 transformation.	For	 instance,	 the	COD	 in	a	gravity	 sewer	 is	283	
g/m3,	 while	 it	 changes	 to	 660	 g/m3	 in	 a	 storage	 tank	 connecting	 to	 the	 gravity	 sewer	
(Makowska	and	Spychała,	2014).	
	
The	 dissolved	 oxygen	 (DO)	 concentration	 in	wastewater	mainly	 depends	 on	 temperature,	




Jacobsen	 et	 al.,	 2013).	 There	 are	 normally	 drop	 structures	 in	 pump	 stations	 or	wet	wells	
before	rising	mains,	where	massive	air-water	mass	transfer	occurs	and	with	the	reaeration	of	






sewer	 pipelines	 connecting	 to	 larger	 sewers	 before	 joining	 main	 trunk	 sewers	 which	




of	 the	 most	 important	 factors	 influencing	 the	 in-sewer	 processes	 as	 early	 in	 the	 1970s.	
However,	 the	 actual	 impact	 of	 sewer	 hydraulics	 on	 in-sewer	 processes	 has	 not	 been	
recognised	 and	 taken	 into	 consideration	 until	 recent	 years.	 Parameters	 influencing	 sewer	


























(Park	 et	 al.,	 2014).	 (Santry,	 1963)	 summarised	 the	 influence	of	 flow	 velocity	 on	hydrogen	
sulfide	formation	and	emission.	When	the	velocity	is	less	than	0.8m/s,	it	will	result	in	longer	
wastewater	residence	time,	which	further	contributes	to	the	increased	thickness	growth	of	




turbulent	 flow	condition.	 The	 ideal	 flow	velocity	 is	 between	0.8	–	1.5m/s,	which	provides	
optimum	 conditions	 corresponding	 to	 avoid	 sulfide	 formation,	 biofilm	 growth,	 and	 the	
prevention	of	sediment	accumulation	(Santry,	1963).	This	velocity	is	ideal	for	the	system	to	
prevent	 sedimentation,	 as	 well	 as	 the	 formation	 of	 hydrogen	 sulfide.	 Meanwhile,	 more	













gradient	 is	more	 connected	 to	 the	 sulfide	 emission	 process.	 High	 sulfide	 emission	 rate	 is	



































for	water	distribution	system	than	before	 (Mitchell	et	al.,	2007).	 Its	sub-models	 Infoworks	
ICM	(catchment	model),	 Infoworks	CS	(collection	system)	and	Infoworks	WS	(water	supply	
together	can	give	an	overview	on	the	whole	system	and	provide	management	strategies	and	











latest	 version	 is	 SWMM	5	 (Rossman,	 2010).	 It	 can	 provide	 dynamic	 simulation	 on	 rainfall	







and	quantity	of	 runoff	 to	 rivers	 and	watersheds	 (Lee	et	 al.,	 2010).	 	Although	SWMM	was	
specially	designed	 for	 stormwater	management,	however,	 it	 can	also	be	used	 for	 sanitary	





To	sum	up,	all	 the	key	knowledge	gaps	 identified	 in	the	 literature	review	and	an	overview	
summary	section	are	listed	here.	Hydrogen	sulfide	in	sewer	systems	is	a	well-known	problem,	
which	has	also	been	intensively	studied	in	the	past	several	decades.	Traditional	sulfide	control	
strategies	 are	 costly	 for	 long	 term	 management.	 In	 recent	 year,	 the	 influence	 of	 sewer	
hydraulic	condition	and	flow	on	sewer	processes	and	sulfide	formation	has	been	investigated.	
It	has	also	been	taken	into	consideration	to	focus	more	on	other	sewer	gases	produced	in	




as	 the	 total	 COD.	However,	 as	 far	 as	 the	 author	 is	 aware	 the	 individual	 influence	of	 COD	
substrates	 and	 COD	 fractions	 has	 not	 been	 investigated.	 Methane	 is	 a	 greenhouse	 gas	
emission	source,	and	is	highly	inflammable	and	explosive.	Intensive	methane	production	has	




































pipes	 is	 generally	 non-uniform	 flow,	 however,	 it	 is	 normally	 assumed	 as	 uniform	 flow	 for	








al.,	 2011a,	 Vollertsen	 et	 al.,	 2011b).	 The	 flow	 of	 wastewater	 not	 only	 affects	 hydraulic	
performance	of	sewer	systems,	but	also	associated	with	the	transformation	and	transporting	
processes	of	wastewater,	for	instance,	more	hydrogen	sulfide	loading	occurs	under	turbulent	






higher	 hydrogen	 sulfide	 and	 methane	 concentration	 due	 to	 longer	 time	 period	 for	 the	
biochemical	transformation	and	accumulation	(Eijo-Río	et	al.,	2015).	Low	flows	at	night	are	
linked	to	high	hydrogen	sulfide	formation.	(Sun	et	al.,	2015)	also	confirmed	the	reduction	in	
morning	 and	 evening	 peaks	 flows	 resulted	 from	 reduced	 water	 consumption,	 which	
contributes	 to	 increased	 hydrogen	 sulfide	 production	 by	 50-100%.	 The	 reduced	 water	
53	
	
consumption	 also	 results	 in	 the	 increase	 of	 COD,	 BOD,	 TSS	 in	wastewater;	 which	 further	
contributes	to	the	decrease	of	flow	rate	and	the	increase	of	HRT.	
	






the	 biological	 transformations	 are	 related	 to	 two	 factors:	 the	 A/V	 ratio	 and	 hydraulic	
residence	time.	The	A/V	ratio	is	naturally	related	to	the	dimension	of	sewer	pipe,	to	be	specific	
–	the	inner	diameter	of	the	pipe.	A	high	A/V	ratio	is	associated	with	small	pipe	diameter	for	
full	 flow	 rising	mains,	 and	would	 lead	 to	a	high	 contribution	 from	 the	biofilms	and	hence	
potential	for	high	hydrogen	sulfide	formation.	However,	it	would	also	decrease	the	residence	












































Figure	3.2	 that	 longer	HRT	 results	 in	 longer	 time	period	 for	 the	biological	 transformation,	
which	contributes	to	more	methane	production.	Higher	A/V	ratio	gives	a	higher	percentage	








such	 as	 flow	 manipulating	 and	 pump	 operations.	 Previous	 studies	 showed	 methods	 of	
55	
	
changing	 the	wastewater	 flow	conditions	 in	 sewers	has	been	used	 such	as	 the	 commonly	
implemented	sewer	storage	tanks	(Dufresne	et	al.,	2009)	and	various	pump	control	strategies	










considered	 to	be	a	cost-effective	way	 for	 sewer	process	management,	 for	 instance,	 it	 can	







organic	 matter	 in	 the	 equations.	 (Donckels	 et	 al.,	 2014)	 developed	 a	 model	 which	
implemented	 the	WATS	model	 for	 the	 transformation	 of	 organic	matter,	 and	 the	 kinetic	
equations	from	SeweX	model	for	the	formation	of	hydrogen	sulfide.	This	study	indicated	the	











sulfide	 management.	 It	 also	 aims	 to	 quantify	 the	 importance	 of	 the	 pipe	 diameter	 and	
pumping	strategy	for	optimal	design	for	rising	mains,	to	minimise	hydrogen	sulfide	production,	


























in	 MATLAB	 Simulink	 with	 programmed	WATS	 and	 SeweX	 models.	 The	 transformation	 of	
organic	matter	in	wastewater	was	simulated	in	WATS	model.	The	stoichiometric	and	kinetic	











Figure	3.4	 illustrates	 the	 two	 study	 rising	mains	 in	 the	 two	 catchments.	 From	GIS	data,	 it	
shows	the	length	of	the	rising	main	in	Catchment	A	is	3600m	and	the	rising	main	in	Catchment	
B	is	4200m	long.	Rising	main	A	follows	a	pumping	station	from	Catchment	A	and	connects	to	





























longer	 due	 to	 the	 slower	 frequency	 from	 the	 pump.	 The	 Infoworks	 results	 indicate	 the	
average	 dry	 weather	 flow	 (DWF)	 into	wet	 well	 A	 and	 gravity	 sewer	 B	 is	 0.0088m3/s	 and	
0.056m3/s	respectively.	GIS	shows	the	pump	in	Catchment	A	had	an	original	pump	switching	
levels	on:	79.55	m	AOD	(Above	Ordnance	Datum);	off	79.04	m	AOD.	The	pump	in	Catchment	











modelling(Butler	 and	 Davies,	 2010).	 	 A	 5	 and	 20	 start/stops	 per	 hour	 pump	 operation	
frequency	was	also	simulated	for	the	redesigned	pump	station	of	Catchment	A	and	B	pump	
stations.	The	three	different	pump	operation	frequencies	were	compared	on	the	influence	of	





To	 investigate	 the	 effect	 of	 different	 area	 to	 volume	 (A/V)	 ratios	 and	HRTs,	 five	 different	
diameter	 pipes	 were	 simulated	 on	 each	 of	 the	 rising	 mains.	 The	 selection	 of	 the	 pipe	
diameters	was	based	on	the	flow	velocity	of	wastewater	in	sewers	which	should	be	greater	
than	0.7	m·s-1	to	avoid	solid	accumulation	and	pipe	blockage.	The	velocity	design	should	also	
be	 less	 than	 3	m·s-1	 to	 avoid	 hydraulic	 damage	 (Read,	 2004),	 which	means	 flow	 velocity	
greater	than	3	m·s-1	would	significantly	reduce	the	lifetime	of	sewer	structures	and	results	in	
damage	especially	for	rising	mains,	and	at	joints,	valves,	and	bends.	Therefore,	the	selection	


































































Process	 XHw	 Ss	 XS1	 XS2	 -SO	 SF	 SA	 S(-II)	 SSO4	 Rates	
Growth	of	biomass	in	bulk	water	
phase	 1	
-1/YHw	 	 	 (1	–	YHw)/YHw	 	 	 	 	
íìíî	
Growth	of	biomass	in	biofilm	 1	 -1/YHf	 	 	 (1	–	YHf)/YHf	 	 	 	 	
íìíï	
Maintenance	energy	requirement	 -1	 -1	 	 	 1	 	 	 	 	 íñóòôö	
Hydrolysis,	fast	 	 1	 -1	 	 	 1	 	 	 	 íõúùíô	
Hydrolysis,	slow	 	 1	 	 -1	 	 1	 	 	 	 íõúùíô	
Reaeration	 	 	 	 	 -1	 	 	 	 	 	
Decay	of	biomass,	XHw	 -1	 	 	 1	 	 	 	 	 	 íù	
Fermentation	in	the	water	phase	 	 	 	 	 	 -1	 1	 	 	 íïûíñ	




























COD	 fraction	of	 biomass	 XHw	 and	 readily	 biodegradable	 substrates	 Ss	 had	been	modelled.	
Where	XHw	+	Ss	has	a	COD	of	30	and	150	gCOD·m-3day-1	(Hvitved-Jacobsen	et	al.,	2013).	A	COD	


















XHw	 80	 12.6%	 XHw	 55	 12.5%	 10%	
SS	 50	 8%	 SS	 32.4	 7.5%	 6%	
XS1	 120	 19%	 XS1	 124	 28%	 14%	
XS2	 380	 60%	 XS2	 228	 52%	 70%	









WATS	a	 !" = \ *+ + *, + #'( ;r;/ + */ IJ 1(LA)e)	 \	=	0.001	~	0.1	c	
SeweX	b	 !" = 9$0' *+H/N + *U+,;3& + (*+H/N + *U+,) *'/E;'/E + *'/E ;/0;/0 + */0 IJ *+H/N*+H/N + *U+,	 9$0'	=	1.36	±	0.16	d	




sulfide	 formation	 which	 considers	 the	 fermentation	 and	 biodegradable	 processes.	 The	
original	sulfide	formation	equation	in	WATS	model	contained	a	fraction	of	anoxic	processes.	
However,	 it	 was	 not	 included	 in	 the	 calculations	 because	 there	 was	 no	 nitrate	 chemical	
dosage	 in	 the	 current	 case	 study	 sewer	 system	 and	 the	 nitrate	 concentration	 in	 the	
wastewater	was	very	 low.	SeweX	model	also	 implements	the	sulfate	process	 into	the	rate	
equation,	 in	 which	 it	 is	 theoretically	 important	 to	 calculate	 the	 change	 of	 sulfate	
concentration	on	sulfide	formation.	WATS	model	states	the	sulfate	process	is	not	important	
when	the	sulfate	concentration	in	wastewater	is	less	than	50	g/m3.	Therefore,	a	comparison	



























weather	 data	 along	 with	 the	 flow	 monitoring	 survey.	 349	 out	 of	 508	 days	 have	 been	














































(m) (hour) (m-1) (m·s-1)  (m) (hour) (m-1) (m·s-1) 
0.1 0.68 40.00 2.25  0.25 0.77 16.00 2.29 
0.15 1.50 26.67 1.02  0.3 1.10 13.33 1.59 
0.2 2.67 20.00 0.56  0.35 1.50 11.43 1.16 
0.25 4.20 16.00 0.36  0.4 1.97 10.00 0.89 






each	 pipe	 varies	 and	 depends	 on	 the	 flow	 and	 pump	operations.	 It	 can	 be	 seen	 that	 the	














































In	order	 to	have	a	clear	 look	on	the	effect	of	different	diameter	pipe	on	the	 formation	of	




















trend	to	sulfide	concentrations	 in	rising	main	A,	 the	most	significant	difference	 is	 that	 the	
sulfide	concentrations	 in	both	the	0.4	m	and	0.45m	diameter	pipes	simulated	to	be	much	























main	 A;	 0.25m	 and	 0.45m	 pipe	 for	 rising	 main	 B.	 The	 low	 (30	 g·COD/m3)	 and	 high	
(150gCOD/m3)	 COD	 concentration	 is	 the	 fraction	 of	 heterotrophic	 biomass	 plus	 readily	













on	 the	 standard	 fraction	 range	 (Hvitved-Jacobsen	 et	 al.,	 2013).	 These	 parameters	 were	
identified	in	the	sensitivity	analysis	to	have	a	high	influence	on	the	formation	of	hydrogen	
































































operation	 frequency,	 the	 minor	 differences	 are	 also	 within	 the	 model	 uncertainties.	 The	























up.	 During	 the	 anaerobic	 process,	 the	 decay	 of	 heterotrophic	 biomass	 contributes	 to	 the	
growth	of	slow	hydrolysable	substrates.	The	hydrolysis	of	both	 fast	and	slow	hydrolysable	















The	 studies	 in	 this	 chapter	 provided	 theoretical	 simulation	 results	 of	 the	 effect	 of	 pipe	




simulation	 only	 accounts	 for	 sulfide	 formation	 in	 biofilms	 and	 water	 phase,	 it	 does	 not	
account	 for	 the	 sedimentation	 effects.	 The	 effect	 of	 flow	on	 the	 growth	 and	 thickness	 of	
biofilms	has	not	been	considered.	The	WATS	and	SeweX	model	results	on	two	catchments	
showed	that	there	potentially	is	an	optimal	pipe	diameter	selection	which	results	in	reduced	







































respected	when	designing	 rising	mains.	However,	 it	 also	needs	 to	be	aware	 the	designing	






















pattern	 to	 reduce	 sulfide	 formation.	 The	 effect	 of	 variable	 speed	 pump	 has	 not	 been	
investigated	in	this	study	because	the	current	verified	Infoworks	hydraulic	model	cannot	be	
adjusted	 and	 it	 is	 also	 unavailable	 to	 control	 the	 on-site	 pumps.	 It	 has	 been	proposed	 to	







































wastewater	concentrations	such	as	 the	 total	COD	and	sulfur	substrates,	and	 the	hydraulic	
conditions	which	are	mainly	 flow	and	 residence	 time	 in	 sewer	 systems.	As	 summarised	 in	
literature,	many	 studies	 revealed	 COD	 as	 one	 of	 the	 five	most	 influential	 parameters	 on	
wastewater	 transformation	 and	 hydrogen	 sulfide	 production.	 However,	 the	 total	 COD	
consists	of	COD	fractions	such	as	biomass,	biodegradable	substrates	and	hydrolysis	substrates	










factors,	 temperature,	 pH,	 flow	 are	 all	 time	 varying,	 which	 means	 there	 are	 no	 fractions	
consisted	 in	 these	parameters.	Temperature	and	pH	are	 the	sole	physical	parameters	 in	a	
system.	Flow	velocity	is	influenced	by	pipe	diameter,	pump	operation,	and	also	related	to	A/V	










2013).	 The	 COD	 fraction	 varies	 considerably	 between	 different	model	 definitions	 and	 lab	
determination	methods.	For	instance,	the	WWTP	based	ASM	model	and	sewer	system	based	





















































































Parameter	 Name	 Dataset	A		(†, •)	 Dataset	B		(†, •)	
uH	 Maximum	specific	growth	rate	 N	(3.6;	1.0)	 N	(5.17;	1.79)	
K1/2	 Half	order	rate	constant	 N	(3.0;	1.0)	 N	(3.0;	1.0)	
Kh,fast	 Hydrolysis	rate	constant	fast	 N	(7.29;	2.76)	 N	(8.31;	3.29)	
Kh,	slow	 Hydrolysis	rate	constant	slow	 N	(1.03;	0.32)	 N	(0.99;	0.50)	
KO	 Saturation	constant	So	 N	(0.2;	0.05)	 N	(0.2;	0.05)	
KSf	 Saturation	constant	Ss	 N	(10.0;	2.0)	 N	(10.0;	2.0)	
KX,fast	 Saturation	constant	Xs1	 0.23	Kh,fast	N	(1;	0.2)	 0.34	Kh,fast	N	(1;	0.2)	




	SO	 Dissolved	oxygen		 N	(1;	0.5)	 N	(1;	0.5)	
SS	 Readily	biodegradable	substrates	 N	(13.5;	11)	 N	(32.4;	23.3)	
XHw	 Heterotrophic	biomass	 N	(51;	16)	 N	(55;	16)	
XS,fast	 Fast	hydrolysable	substrate	 N	(63;	24)	 N	(124;	19)	
XS,	slow	 Slow	hydrolysable	substrate	 N	(564;	163)	 N	(228;	83)	
YHf	 Yield	constant	biofilm	 N	(0.43;	0.05)	 N	(0.43;	0.05)	
YHw	 Yield	constant	water	 N	(0.43;	0.05)	 N	(0.43;	0.05)	
	
	
Table	 4.1	 shows	 two	 dataset	 model	 parameters	 for	 Monte	 Carlo	 simulation,	 dataset	 A	
originated	from	29	days	of	dry	weather	measurements	in	a	gravity	sewer	in	Lisbon,	Portugal	




























































measured	 using	 Hach	 16mm	 vials	 for	 Chemical	 Oxygen	 Demand	 Analysis	 and	
spectrophotometer	 for	 reading.	 The	 experimental	 procedure	 and	 reading	 methods	 are	
introduced	 in	Chapter	5,	Section	5.2.4.	Sampling	background	and	results	are	 introduced	 in	






















manually	 increased	 the	 standard/average	 († • )	 ratio	 to	 0.5	 for	 all	 parameters,	 then	 the	
concentration	 of	 hydrogen	 sulfide	 was	 compared	 respectively	 as	 an	 amplified	 sensitivity	
analysis	 to	 look	at	 the	 influence	on	a	wider	 range	of	parameters.	The	original	† •	ratio	of	






parameters	 Dataset	B	(† •)	 H2S	(† •)	 parameters	 0.5	Dataset	B	(† •)	 H2S	(† •)	
uH	 0.3462	 0.00005586	 uH	 0.5	 0.00005110	
khalf	 0.3333	 0.000007892	 khalf	 0.5	 0.00001290	
Kh1	 0.3534	 0.000005059	 Kh1	 0.5	 0.000002630	
Kh2	 0.5051	 0.00001127	 Kh2	 0.5	 0.00001104	
KO	 0.25	 0.0000002544	 KO	 0.5	 0.000001420	
Ksf	 0.2	 0.000001157	 Ksf	 0.5	 0.000003320	
KX1	 1.3298	 0.0000008901	 KX1	 0.5	 0.0000008730	
qm	 0.25	 0.00002829	 qm	 0.5	 0.00002300	
SO	 0.5	 N/A	 SO	 0.5	 N/A	
Ss	 0.7191	 0.001511	 Ss	 0.5	 0.001409	
XHw	 0.2909	 0.004909	 XHw	 0.5	 0.009980	
Xs1	 0.0833	 0.0005353	 Xs1	 0.5	 0.005528	
Xs2	 0.3640	 0.000003046	 Xs2	 0.5	 0.000009530	
Yhf	 0.1163	 0.00004932	 Yhf	 0.5	 0.0001280	
Yhw	 0.1163	 0.00004932	 Yhw	 0.5	 0.0001280	
	
Table	4.2	shows	the	average	value	divided	by	standard	deviation	ratio	of	the	original	dataset	
and	 the	 increased	wider	 range	 of	 distribution	 dataset.	 The	 left	 standard/average	 column	
88	
	


































































coefficient	 parameters	 plus	 slow	 hydrolysable	 substrates	 (XS2)	 have	 very	 small	 standard	
deviation	 (due	 to	 the	same	X-axis	of	COD	distribution).	While	 the	COD	 fractions	got	more	
fluctuations	 in	 terms	 of	 hydrogen	 sulfide	 production,	 but	 there	 were	 still	 not	max	 range	
difference	on	the	hydrogen	sulfide	concentration	distribution.	It	can	be	summarise	for	several	
reasons:	firstly,	the	total	COD	from	the	database	is	relative	low,	which	only	fell	around	500	
gCOD/m3;	while	 in	 real	 sewer	situation	 it	varies	greatly,	 it	 can	reach	up	 to	1500ppm	from	
some	 systems.	 Secondly,	 the	 sulfide	 concentration	 was	 also	 very	 low	 in	 the	 original	
wastewater.	 Thirdly,	 the	 residence	 time	 for	 the	 catchment	 rising	main	was	 comparatively	
short	which	was	around	6	hours,	while	as	summarised	before	that	the	sulfide	formation	highly	
depends	 on	 wastewater	 residence	 time	 for	 anaerobic	 transformation.	 Lastly,	 the	 rate	
coefficient	applied	 in	 the	Monte	Carlo	simulation	was	0.003	which	was	used	 in	 the	model	
study	along	with	the	literature	sampling	dataset,	it	was	also	the	smallest	value	in	the	value	























from	 the	 coefficient	 parameters,	 it	 illustrates	 more	 fluctuations	 on	 hydrogen	 sulfide	
concentrations	 related	 to	 COD.	 It	 also	 indicates	 that	 heterotrophic	 biomass	 (XHw)	 and	
fermentation	 products	 (SS)	 are	 among	 the	 most	 influential	 COD	 fractions,	 the	 fast	
hydrolysable	 substrates	 (XS1)	 also	 contributes	 to	 the	 change	 of	 hydrogen	 sulfide	









As	 similar	 to	 Figure	 4.5,	 the	 increased	 standard	 deviation	 over	 average	 ratio	 coefficient	






















COD	 fractions	 all	 depends	 on	 total	 COD.	While	 total	 COD	 varies	 significantly	 for	 different	
systems.	The	three-year	long	term	wastewater	sampling	data	was	analysed	and	summarised	
on	the	change	of	total	COD,	change	of	weather	and	wastewater	temperature	and	the	change	





Figure	 4.9	 shows	 the	 annually	 COD	 variations	 in	wastewater	 at	 the	 inlet	 at	 a	wastewater	
treatment	 plant	 located	 in	 South	 Yorkshire	 England.	 Samples	were	 continuously	 collected	
from	 January	 2014	 to	 date	 at	 a	 frequency	 of	 roughly	 twice	 a	 month.	 The	 samples	 were	
collected	at	the	inlet	of	the	wastewater	treatment	plant	after	the	lifting	pump	and	before	the	
sedimentation	tanks.	It	can	be	seen	from	the	figure	that	the	total	COD	fluctuated	annually.	






























such	 as	during	heavy	 rains.	 The	 samples	 showed	a	 lowest	 total	 COD	of	 195	 g·COD/m3	on	
29.05.2014,	and	a	highest	total	COD	of	2475	g·COD/m3	on	01.11.2016.	The	lowest	COD	record	
date	was	on	a	heavy	rainy	day	with	a	very	high	inflow	rate	into	the	wastewater	treatment	
plant.	 While	 the	 highest	 COD	 record	 date	 was	 next	 to	 the	 second	 highest	 COD	 date	 on	
25.10.2016	with	a	total	COD	of	2253g·COD/m3.	Both	these	two	dates	were	on	dry	weather	
flow	with	a	low	inflow	rate.	
It	 is	hard	to	 find	a	 trend	or	 regulation	on	the	change	of	COD	relating	to	seasons	or	years.	
However,	the	sampling	wastewater	data	showed	a	trend	line	that	the	wastewater	total	COD	
is	 increasing	 yearly.	 The	 change	 of	 total	 COD	 mostly	 related	 to	 the	 change	 of	 weather,	
temperature,	and	flow	rate.	COD	increasing	could	also	be	due	to	more	inhabitants,	or	and	







data	 from	 the	 inflow	 wastewater	 such	 as	 temperature,	 air	 pressure,	 pH,	 flow	 rate,	 flow	












































the	 highest	 COD	 2475	 g·COD/m3	was	 not	 on	 the	 lowest	 flow	 rate	 day,	 but	 the	 flow	was	

























































Parameters	(gCOD/m3)	 Dataset	A	(	¶, ß	)	 Dataset	B	(	¶, ß	)	 Sampling	dataset	(	¶, ß	)	
SS	 N	(13.5;	11)	 N	(32.4;	23.3)	 N	(52.6;	26.5)	
XHw	 N	(51;	16)	 N	(55;	16)	 N	(87.7;	44.2)	
XS,	fast	 N	(63;	24)	 N	(124;	19)	 N	(122.8;	61.9)	
XS,	slow	 N	(564;	163)	 N	(228;	83)	 N	(614.1;	309.3)	
























































The	 weather	 temperature	 (Atmosphere	 temperature)	 and	 wastewater	 temperature	 were	
measured	on	every	sampling	day.	From	Figure	4.14	it	can	be	seen	that	both	the	weather	and	
wastewater	temperature	had	a	drop	trendline	from	the	three	years	measurement	data,	which	




























even	higher	 than	 the	wastewater	 temperature	 on	 the	hottest	 day.	However,	 the	 average	






This	 chapter	mainly	 summarized	 the	 global	 sensitivity	 analysis	 on	 selected	WATS	 process	
model	parameters.	Monte	Carlo	simulations	had	been	implemented	on	these	parameters	in	
the	rising	main	A	in	Catchment	A.	Model	results	showed	that	the	heterotrophic	biomass	(XHw),	
readily	 biodegradable	 substrates	 (SS)	 and	 fast	 hydrolysable	 substrates	 (XS1)	 are	 the	 most	
sensitive	 COD	 fractions	 in	 terms	 of	 wastewater	 biochemical	 transformation	 and	 sulfide	
formation.	The	yield	constant	(YHw,	YHf)	is	the	most	sensitive	coefficient	parameter.	It	also	can	
be	seen	from	the	study	that	the	importance	of	COD	fraction	for	the	definition	of	wastewater	
property	 and	 the	 transformation	 processes.	 Hence,	 the	 OUR	 (oxygen	 uptake	 rate)	 test	 is	
normally	implemented	for	model	studies	involved	with	field	measurements.	The	OUR)	test	












of	 COD	 concentration	 is	 corresponding	 with	 the	 change	 of	 flow	 rate.	 And	 the	 COD	
concentration	had	a	continuous	increase	with	a	decreasing	of	inflow	rate	into	the	WWTP.	This	


























formation	and	 fate	of	methane	 in	 sewer	 systems	have	not	 received	as	much	attention	as	
hydrogen	sulfide	in	sewers,	and	the	methane	production	and	release	from	sewer	systems	had	
not	 been	 investigated	 and	 reported	 until	 recent	 years	 (Guisasola	 et	 al.,	 2008).	 Significant	
methane	production	in	sewers	has	been	analysed	and	reported	from	both	lab	experiments	
and	 field	 tests	 (Liu	et	al.,	2015c,	 Liu	et	al.,	2016b).	Field	analysis	 showed	 the	water	phase	
methane	concentration	in	rising	mains	can	easily	build	up	to	20	–	25	mg/l	in	Australia	sewer	
systems,	and	up	to	100	mg/L	in	lab	conditions	(Guisasola	et	al.,	2008).	Sewer	pipe	is	not	the	
only	 place	 for	methane	 production,	 other	 sewer	 facilities	 such	 as	 in-line	 septic	 tanks	 and	
storage	tanks	are	believed	to	be	a	substantial	methane	contributing	source	as	well.	However,	
few	studies	have	investigated	the	transformation	processes	and	methane	formation	in	these	






Septic	 tanks	 have	 been	 reported	 as	 one	 of	 the	 major	 GHG	 emission	 sources,	 which	 can	
contribute	 methane	 production	 as	 equal	 to	 0.23	 Tonnes	 carbon	 dioxide	 capita-1	 year-1	
(Pachauri	et	al.,	2014).	Septic	tanks	were	firstly	reported	to	be	used	in	sewer	systems	in	the	
Europe	 in	 the	19th	century	 (Butler	and	Payne,	1995)as	an	 important	 facility	 to	 treat	waste	































It	 is	more	 a	matter	 of	 the	 long	 residence	 time	 allows	 for	 some	of	 the	 processes	 that	 are	
generally	too	slow	to	be	significant	in	sewers	to	be	important	in	the	septic	tanks.	The	septic	
tank	emptying	frequency	depends	on	the	dimension	of	tanks,	influent,	and	temperature.	The	












processes:	 hydrolysis,	 acidogenesis,	 acetogenesis	 and	 methanogenesis	 (Gunnerson	 et	 al.,	
1986).	 The	 hydrolysis	 the	 first	 step	 of	 breaking	 down	 large	 organic	 substrates	 to	 smaller	
molecules	such	as	sugar,	ammonia	acid	and	LCFA	(long-chain	fatty	acids).	The	second	stage	
acidogenesis	 which	 is	 also	 the	 fermentation	 stage.	 It	 is	 the	 further	 decomposition	 of	
hydrolysis	products	to	VFAs	(volatile	fatty	acids)	and	other	products	such	as	ammonia,	carbon	
dioxide	and	hydrogen	sulfide	(Lettinga,	1995).	The	third	stage	is	the	formation	of	acetic	acid	





group	 in	1997	and	published	 in	2002	 (Batstone	et	al.,	2002a,	Batstone	et	al.,	2002b).	This	




step	 from	 acetate	 and	 hydrogen.	 The	 ADM	 No	 1	 model	 has	 been	 used	 in	 many	 studies	
associated	with	anaerobic	digestion	(Blumensaat	and	Keller,	2005);	to	deal	with	high	strength	
wastewater	such	as	 from	farm	and	agriculture	 (Normak	et	al.,	2015),	and	 industrial	waste	
such	as	olive	mill	and	sugar	production	(Fezzani	and	Cheikh,	2008,	Barrera	et	al.,	2015).	 In	

















Processes	 Ssu	 Saa	 Sfa	 Sva	 Sbu	 Spro	 Sac	 Sh2	 Sch4	 Xc	 Xch	 Xpr	 Xli	 Xsu	 Xaa	 Xfa	 Xc4	 Xpro	 Xac	 Xh2	 Rates	
Disintegration	 	 	 	 	 	 	 	 	 	 -1	 fch,xc	 fpr,xc	 fli,xc	 	 	 	 	 	 	 	 KdisXc	
Hydrolysis	
carbohydrates	 1	 	 	 	 	 	 	 	 	 	 -1	 	 	 	 	 	 	 	 	 	 Khyd,chXch	
Hydrolysis	of	






	 	 	 	 	 	 	 	 	 -1	 	 	 	 	 	 	 	 Khyd,liXli	
Uptake	of	









	 	 	 	 	 Ysu	 	 	 	 	 	 	 !",$% &$%!$ + &$% ($%)*	
Uptake	of	












	 	 	 	 	 	 Yaa	 	 	 	 	 	 !",++ &++!$ + &++ (++)*	
Uptake	of	





	 	 	 	 	 	 	 Yfa	 	 	 	 	 !",,+ &,+!$ + &,+ (,+)-	
Uptake	of	







	 	 	 	 	 	 	 	 Yc4	 	 	 	 !",./ &0+!$ + &0+ (./ 11 + &2%/&0+ )*	
Uptake	of	





	 	 	 	 	 	 	 	 Yc4	 	 	 	 !",./ &2%!$ + &2% (./ 11 + &0+/&2% )*	
Uptake	of	





	 	 	 	 	 	 	 	 	 Ypro	 	 	 !",45 &456!$ + &456 (456)-	
Uptake	of	
acetate	 	 	 	 	 	 	 -1	 	
1	-	
Yac	
	 	 	 	 	 	 	 	 	 Yac	 	 !",+. &+.!$ + &+. (+.)7	
Uptake	of	
hydrogen	 	 	 	 	 	 	 	 -1	
1	–	
Yh2	
	 	 	 	 	 	 	 	 	 	 Yh2	 !",8- &8-!$ + &8- (8-)*	
Decay	of	Xsu	 	 	 	 	 	 	 	 	 	 1	 	 	 	 -1	 	 	 	 	 	 	 Kdec,XsuXsu	
Decay	of	Xaa	 	 	 	 	 	 	 	 	 	 1	 	 	 	 	 -1	 	 	 	 	 	 Kdec,XaaXaa	
Decay	of	Xfa	 	 	 	 	 	 	 	 	 	 1	 	 	 	 	 	 -1	 	 	 	 	 Kdec,XfaXfa	
Decay	of	Xc4	 	 	 	 	 	 	 	 	 	 1	 	 	 	 	 	 	 -1	 	 	 	 Kdec,Xc4Xc4	
Decay	of	Xpro	 	 	 	 	 	 	 	 	 	 1	 	 	 	 	 	 	 	 -1	 	 	 Kdec,XproXpro	
Decay	of	Xac	 	 	 	 	 	 	 	 	 	 1	 	 	 	 	 	 	 	 	 -1	 	 Kdec,XacXac	
Decay	of	Xh2	 	 	 	 	 	 	 	 	 	 1	 	 	 	 	 	 	 	 	 	 -1	 Kdec,Xh2Xh2	
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In	ADM	1	 there	are	 two	 routes	 for	 the	production	of	methane;	 via	 the	uptake	of	 acetate	
(Equation	5.1)	and	via	the	uptake	of	hydrogen	(Equation.	5.2)																																				
							
																																																									!"# = %&,"# ()*+,-()* ."#/0																																																											(5.1)	
	
																																																									!12 = %&,12 (34+,-(34 .12/5																																																										(5.2)	
	
Where	!"# 	is	 the	methane	 formation	 rate	 from	 the	 uptake	 of	 acetate,	!12 	is	 the	methane	
formation	 rate	 from	 the	 uptake	 of	 hydrogen.	 Equation	 5.1	 and	 5.2	 shows	 the	 methane	
formation	rate	equations	for	the	uptake	from	acetate	and	hydrogen	respectively.	Where	Km	
is	the	specific	Monod	maximum	uptake	rate,	Ks	is	the	Monod	half	saturation	constant,	Si	is	
the	 soluble	 component	 concentration	 (kgCOD/m3),	 Xi	 is	 the	 particulate	 component	
concentration	 (kgCOD/m3),	and	 Ii	 is	 the	 inhibition	 function.	 In	ADM	1,	 it	defines	 the	 liquid	








The	Australian	 SeweX	model	 is	 the	 first	 published	 sewer	 process	model	 that	 attempts	 an	
incorporation	 of	 methane	 production	 in	 the	 reaction	 matrix.	 It	 was	 further	 extended	 to	






















!%$	 "$	 "$%	 "$)%#	 "$)	 Kinetics	
Hydrogenotrophic	
methanogenesis	
1	 	 	 	 -1	 -4	 2	 	 	 *+,-, / · ),/1,/,23 + ),/ · 56 · 789$:	
Acetoclastic	
methanogenesis	
1	 -1	 	 	 1	 	 	 	 	 *+,-,;<= · )3+1;<=,23 + )3+ · 56 · 789$:	
Acetogenesis	 	 2	 -1	 	 2	 4	 -2	 	 	 >3+?8@A · )B1B + )B · 56 · 789$:	
Acidogenesis	 	 2	 -3	 4	 2	 	 2	 	 	 >3+CD@A · )B1B + )B · 56 · 789$:	
Hydrogenotrophic	
sulfidogenesis	
	 	 	 	 	 -4	 4	 -1	 1	 *,/;, / · ),/1,/,;EF + ),/ · );@-1;@- + );@- · 56 · 789$:	
Acetate-based	
sulfidogenesis	
	 -1	 	 	 2	 	 2	 -1	 1	 *,/;,;<= · )3+13+,;EF + )3+ · );@-1;@- + );@- · 56 · 789$:	
Propionate-based	
sulfidogenesis	









methanogenesis	 and	 the	 acetoclastic	 methanogenesis.	 Equation	 5.4	 and	 5.5	 shows	 the	
kinetics	rate	equations	for	methane	formation	from	the	uptake	of	hydrogen	and	acetate.	
	
																																																				!"#$#% = '"#$,#% )*+,*+-./)*+ 01 234%5																																																			(5.4)	
	
																																																				!"#$6" = '"#$,6" )78,78-./)78 01 234%5																																																		(5.5)	
	
Where	 !"#$#% is	 hydrogenotrophic	 methanogenesis	 rate,	 !"#$6" is	 the	 acetoclastic	
methanogenesis	 rate.	 In	Equations	5.4	and	5.5,	 the	'"#$	:		is	 the	maximum	transformation	
rate,	;:	<6 	is	 the	 half	 saturation	 constant,	 =#% 	and	 =0> 	is	 the	 soluble	 concentration	 of	
hydrogen	sulfide	and	acetate	in	wastewater,	01	is	the	area	volume	ratio	of	sewer	pipes.	234%5	
is	the	temperature	coefficient.	Basically,	it	can	be	seen	from	Equation	5.4	and	5.5,	the	kinetic	
equations	 of	methane	 formation	 is	 very	 similar	 to	 the	methane	 formation	 rate	 equations	
described	in	Anaerobic	Digestion	Model	shown	in	Equation	5.1	and	5.2.	 In	SeweX	model	 it	
added	the	area	volume	ratio	of	sewer	pipes	and	the	temperature	coefficient	into	the	equation.	




















In	 order	 to	 analyse	 the	 wastewater	 total	 COD	 removal	 rate	 of	 septic	 tanks,	 a	 field	
measurement	was	carried	out	by	the	Chinese	collaborators	on	a	selected	residential	septic	
tank	in	Lanzhou	City,	Northwest	China.	This	septic	tank	is	a	typical	one	representing	the	septic	




at	 the	 inlet	 and	 outlet	 of	 the	 septic	 tank.	 Three-day	 samples	were	 collected	 during	 each	
sampling	period.	Samples	were	collected	at	7:00	–	9:00	am	(three	samples),	11:00	–	14:00	pm	
(three	 samples),	 and	 17:00	 –	 21:00	 pm	 (three	 samples)	 on	 each	 sampling	 day.	 The	 three	
samples	collected	at	each	 time	period	were	mixed	 for	COD	analysis.	The	effluent	 samples	
were	 collected	 30	minutes	 later	 than	 the	 influent	 samples	 at	 each	 sampling	 time	 period,	
































The	 detailed	 experiment	 step	 follows	 the	 standard	 method	 (GB	 11914	 –	 89).	 The	 COD	
concentrations	is	calculated	by	Equation	5.6	
	

















could	 not	 be	 done	 by	 the	 Chinese	 collaborators	 due	 to	 their	 time	 schedule.	Wastewater	




tanks.	 Four	 samples	 were	 collected	 within	 a	 month	 for	 comparison.	 The	 settlement	
experiments	had	done	by	using	a	2-litre	measuring	cylinder.	
	




















potassium	 dichromate	 method	 is	 more	 accurate	 compared	 to	 the	 spectrophotometric	










vials	 are	 based	 on	 the	 standard	 method	 ISO	 6060-1989,	 DIN	 38409-H41-H44,	 which	 is	
dichromate	chemical	oxygen	demand	analysis	method.	The	theory	is	the	measurement	of	Cr6+	
that	remains	in	the	solution	or	the	measurement	of	Cr3+	which	is	produced	in	the	solution	

















































Seasons	 Spring	 Summer	 Autumn	 Winter	 Annual		
Temperature		 12	 24.6	 9.8	 -4.3	 7.7	
Influent	(mg/L)	 5398.5	 5406.6	 7511.1	 3829.9	 5536.5	
Effluent	(mg/L)	 959.4	 850.9	 1001.0	 822.4	 908.4	









In	 general,	 the	 inlet	wastewater	 total	 COD	 concentration	was	much	higher	 than	 the	 COD	
concentrations	collected	in	downstream	sewer	systems	and	wastewater	treatment	plant.	This	
is	because	the	toilets	drainage	sewer	system	is	separated	from	the	kitchen	and	bath	sewers	






influent	 total	 COD	 (7511.1mg/L)	 and	 the	 highest	 COD	 removal	 rate	 (86.7%)	 even	 the	
temperature	was	 relatively	 low	 compared	 to	 spring	 and	 summer.	Winter	 season	 had	 the	
lowest	influent	and	effluent	total	COD	and	the	lowest	COD	removal	rate,	this	is	because	the	
COD	 is	 removed	 by	 bacteria.	 The	 activity	 of	 bacteria	 is	 temperature	 dependent	with	 low	
temperature	leading	to	slow	growth,	hence	the	COD	removal	slows	down	in	winter	(Painter	
and	Loveless,	1983).		In	theory,	the	COD	removal	rate	in	spring	and	summer	season	should	be	
higher	 than	 autumn	 and	 winter	 because	 of	 the	 higher	 temperature	 and	 more	 active	








were	 collected	on	29.11.2016,	 08.12.2016,	 14.12.2016,	 and	22.12.2016	 respectively	 along	
with	the	routine	wastewater	sampling	in	the	wastewater	treatment	plant	in	Yorkshire.	COD	
analysis	 showed	the	 four	samples	had	original	 raw	concentrations	of	811mg/L,	1034mg/L,	
810mg/L,	and	1474mg/L.	The	solids	settlement	speed	against	time	experiment	was	carried	







Figure	5.5	 illustrates	 the	wastewater	 solids	 settlement	experiments	 results,	 the	 change	of	







































The	four	 images	 in	Figure	5.6	show	the	solids	 layer	of	the	four	wastewater	samples	 in	the	
solids	settlement	experiments.	Sample	1,2,3	had	a	solids	layer	height	of	1.6cm,	1.5cm,	and	
1.3	respectively	corresponding	to	a	raw	COD	concentration	of	811mg/L,	1034mg/L,	810mg/L.	
Sample	 4	 had	 a	 solid	 layer	 height	 of	 2.6cm	with	 a	 raw	 COD	 of	 1474mg/L.	 Both	 the	 COD	
concentration	 and	 solid	 height	was	much	 higher	 than	 the	 other	 three	 samples.	 From	 the	
results	it	can	be	concluded	that	the	wastewater	solids	percentage	reflects	the	total	COD	of	






COD	(mg/L)	 Sample	1	 Sample	2	 Sample	3	 Sample	4	
Raw	 811	 1034	 810	 1474	
Top	 555	 384	 579	 730	
Middle	 533	 441	 693	 752	
Bottom	 1861	 1808	 2511	 2728	




































	 Sample	1	 Sample	2	 Sample	3	 Sample	4	 Average	







should	 be	 even	 higher	 due	 to	 the	 separate	 toilet	 system.	 It	 also	 can	 be	 seen	 from	 the	

































transformations.	 The	 composite	 particulate	 material	 (XC)	 had	 a	 steady	 decrease	 at	 the	
beginning,	both	sugars	(SSU)	and	amino	acids	(Saa)	concentration	experienced	a	growth	and	







transformation	 process	 was	 occurring	 within	 intermediate	 concentrations	 when	 the	
transformations	reached	stable	conditions.		In	order	to	get	a	closer	look	at	the	transformation	
processes	 after	 the	 first	 7	 days	 with	 a	 starting	 COD	 concentration	 for	 establishing	 the	


















that	 the	 composite	 particulate	 material	 had	 a	 growth	 after	 the	 decomposition	 and	


















showed	 the	 methane	 concentration	 was	 between	 5	 –	 10	 Kg/m3	 after	 the	 COD	 fractions	
became	stable.	The	second	growth	could	get	up	to	50	Kg/m3	when	the	butyrate	was	used	up.	
It	 is	noticeable	 that	 the	 concentration	of	 total	 acetate	had	a	 continuous	growth	 from	 the	
beginning.	The	first	large	increase	was	the	uptake	of	sugars	and	amino	acids,	and	a	second	
increase	was	the	uptake	of	butyrate.	In	the	Anaerobic	Digestion	Model	expression,	the	only	



















in	 Catchment	 A	 introduced	 in	 Chapter	 3.	 The	 wastewater	 COD	 used	 was	 the	 average	
concentration	measured	 from	 the	 wastewater	 treatment	 sampling.	 Due	 to	 there	 was	 no	
measurement	 taken	 on	 COD	 fractions,	 where	 the	 acetate	 and	 readily	 biodegradable	






























The	 methane	 concentration	 in	 septic	 tank	 can	 be	 built	 up	 to	 a	 significant	 concentration	
depending	on	the	residence	time.	In	order	to	validate	the	relative	contribution	from	septic	
tank	and	sewer	pipes,	future	field	measurements	should	be	carried	out	for	the	validation	of	
ADM	1	model	 in	 septic	 tanks.	Field	measurements	 should	be	mainly	 focused	on	 the	 inlet,	




















The	modelling	 of	methane	 production	 in	 rising	mains	 using	 SeweX	model	 showed	 similar	











many	 other	 countries.	 The	 first	 ever	well-designed	 drainage	 system	 in	 ancient	 China	was	
constructed	around	1800	–	1500	B.C.	(Jianguo	et	al.,	2007)	It	was	specifically	designed	for	the	
imperial	 palace	 of	 the	 Shang	 Dynasty.	 The	 closed	 conduit	 was	 originally	 built	 with	 wood	
boards	then	replaced	with	clay	and	pottery	breaks.	For	over	centuries,	the	drainage	system	



























of	 the	 sewer	 systems	 in	 some	 cities	 is	 even	 unclear	 and	 unknown	 (Jin,	 2009).	 The	 sewer	
branch	of	some	residential	areas	was	randomly	connected	to	a	manhole	or	directly	to	the	
main	 trunk	 sewer.	 In	 some	 situations,	 renovated	 separate	 sewer	 pipes	 had	 been	 cross-





































every	year	which	 results	 in	great	personal	and	property	 losses.	For	 instance,	 four	 security	
guards	 dead	 in	 a	 septic	 tank	 explosion	during	 their	 regular	 security	 check	 at	 a	 residential	

























of	 sewer	professional	workers	 in	 Jinan	City	 (Gao	and	Lu,	2006).	2	dead	 in	a	gravity	 sewer	
tunnel	during	 their	 routine	cleaning	work	of	 sediments	and	debris	on	11th	 July	2005,	only	
several	days	later,	another	2	dead	in	cleaning	a	septic	tank	and	the	connecting	gravity	sewer	
pipe	 on	 22nd	 July	 2005.	 Investigations	 concluded	 that	 the	 first	 accident	 was	 caused	 by	
suffocation	 due	 to	 high	 concentration	 of	 methane,	 where	 the	 gas	 phase	 methane	
concentration	 was	 detected	 to	 be	 18%	 volume	 percentage	 during	 the	 investigation.	 The	





















The	TUSWMC	 is	 located	at	 the	west	of	Yixing	City	 centre.	 It	 includes	a	 catchment	area	of	
roughly	 40	 km2	with	 approximately	 50,000	 population.	 This	 sub-catchment	 area	 is	 newly	
constructed	with	 the	development	of	 the	 city	urban	area,	 and	 it	 is	dedicated	 to	using	 for	
wastewater,	 sewers	 and	 the	 related	 researches	 for	 the	 TUSWMC.	 Unlike	 other	 common	
traditional	sewer	systems	in	China,	this	catchment	was	built	with	the	modern	urban	drainage	
system	 regulations.	 There	 are	 no	 septic	 tanks	 existing	 in	 this	 catchment,	 and	where	 only	
sewer	pipe	 systems	and	wastewater	 treatment	plants	are	presenting.	Current	 studies	and	
research	carrying	out	 in	the	catchment	 include	such	as	 flow	monitoring,	real	 time	control,	


















































































Figure	 6.6	 shows	 the	 schematic	 layout	 of	 the	 gravity	 sewer	 systems	 in	 the	 residential	
community.	 The	 gravity	 system	 selected	 is	 part	 of	 the	 sub-catchment	 of	 a	 residential	
community	in	the	TUSWMC.	Manhole	1	and	4	is	located	on	the	branches	of	the	sewer	system,	
manhole	 2,	 3,	 5	 is	 situated	on	 the	main	 gravity	 sewer	 in	 the	 catchment.	 This	 intercepted	
gravity	system	serves	2580	residents	in	the	catchment.	The	population	was	counted	before	















installations	 of	 the	 gas	 sensors	 were	 carried	 out	 by	 5	 individual	 sewer	 practitioners.	 The	


























































																																																					?] = >X^_ = `a%b.M` = 1.28	CD/E																																																					(6.2)	
	
No	 hydraulic	 information	 of	 the	 Chinese	 gravity	 system	 available	 yet,	 however,	 it	 can	 be	
estimated	compared	to	the	catchment	in	the	UK	introduced	in	Chapter	2.	This	is	purely	an	
estimation	 based	 on	 population,	 although	 the	water	 consumption	 and	 lifestyle	would	 be	
different	in	the	two	countries.	The	Chinese	sub-catchment	had	total	residents	of	2580,	while	
the	UK	catchment	had	a	total	population	of	3600,	and	an	average	flow	rate	of	0.018	m3/s.	The	
































Figure	 6.9	 illustrates	 the	 change	of	 gas	 phase	hydrogen	 sulfide	 concentrations	 at	 the	 five	
manhole	sensor	locations	in	the	gravity	sewer	system.	It	can	be	seen	from	Figure	6.9	that	the	
variation	of	hydrogen	sulfide	concentrations	at	five	manholes	followed	a	similar	fluctuation	
pattern.	 The	 highest	 hydrogen	 sulfide	 concentrations	 appeared	 among	 late	 afternoon,	
evening	and	midnight	for	two	days.	It	also	can	be	seen	that	manhole	1	and	4	had	the	lowest	
hydrogen	 sulfide	 concentration	 detected.	 The	 sensor	 recorded	 the	 concentration	 was	
between	1	and	4	ppm	which	was	almost	in	the	sensor	error	range.	However,	manhole	2,	3,	







































residence	 time	 pipe,	 but	 also	 the	 upstream	 pipes	 with	 longer	 residence	 time.	 Also,	 the	












































































even	 exceeded	 the	 maximum	 value	 the	 sensor	 can	 read	 which	 is	 5%.	 The	 methane	
concentration	 started	 to	 build	 up	 to	more	 than	 5%	 from	 3	 am.	 This	was	 very	 dangerous	







































pump	2.	 It	 can	be	 seen	 from	Figure	6.12	 that	 there	were	not	 significant	hydrogen	 sulfide	
detected	 in	 the	wet	wells	 for	 three	days.	 The	 average	hydrogen	 sulfide	 concentrations	 in	
















high	 hydrogen	 sulfide	 concentration	 occurring	 in	 the	 WWTPs.	 However,	 the	 methane	
concentration	 measured	 in	 the	 WWTP	 is	 relatively	 higher	 than	 the	 hydrogen	 sulfide	








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the	 gravity	 sewer	 within	 10	 minutes	 of	 residence	 time	 transformations.	 Methane	
concentration	 reached	 1.8	 mg/L	 after	 10	 minutes	 transformations.	 The	 model	 results	







Figure	 6.18	was	 the	 sampling	data	 from	 the	Chinese	 collaborators	 in	 Tsinghua	University.	
Point	A	and	B	were	both	located	on	the	main	trunk	sewer	approximately	500	m	downstream	
the	sub-catchment.	It	can	be	seen	that	the	total	COD	fluctuated	in	a	day	roughly	between	50	
to	 450	 mg/L.	 The	 fluctuation	 and	 variation	 were	 uncertain	 due	 to	 the	 unknown	 side	
connections	between	the	sampling	points.	However,	 it	can	be	used	to	compare	the	model	
simulation	results	for	the	upstream	gravity	sewer	system,	where	the	total	COD	was	calculated	
to	 be	 lower	 than	 597mg/L	 by	 model	 simulation.	 Although	 the	 comparison	 could	 not	 be	
specifically	made	between	model	results	and	the	downstream	sampling	data.	However,	the	
model	simulation	results	reflected	the	total	COD	range	was	closed	to	the	COD	measurements	































the	 consideration	 by	 the	 operator	 that	 the	 methane	 build	 up	 was	 probably	 caused	 by	
downstream	 blockages,	 which	 means	 a	 septic	 tank,	 storage/buffer	 tank	 is	 also	 potential	











systems	 and	 exceeded	 5%	 volume	 percentage	 which	 is	 the	 explosion	 limits.	 Methane	
concentration	over	5%	was	recorded	in	the	pump	2	wet	well	and	even	in	the	manhole	5	on	
the	gravity	sewer	with	full	flow.	The	three	days	field	gas	monitoring	indicated	that	the	Chinese	
sewer	 system	 is	high	methane	productive,	which	explains	why	 so	many	methane	 induced	
sewer	explosions	occurring	each	year.		Hence,	the	control	and	management	of	methane	and	
its	related	problems	will	be	the	main	objective	when	dealing	with	Chinese	sewer	systems.	
Investigations	 are	 still	 carrying	 on	 to	 understand	 why	 the	 Chinese	 sewer	 system	 is	 high	
methane	productive.	Septic	tanks	could	be	a	major	source	as	high	methane	production	has	
been	measured	in	the	US	septic	tanks.	Sewer	pipes	could	also	be	a	significant	source	as	the	





The	 characteristics	 of	 the	 selected	 gravity	 sewer	 system	 were	 typical	 in	 the	 Chinese	
catchments	 which	 represent	 surcharged	 full	 flow	 and	 in	 both	 high	 hydrogen	 sulfide	 and	






during	 the	measuring	days.	 The	 inlet	 tank	pond	was	also	well	 ventilated.	 That	 is	why	 low	
hydrogen	sulfide	and	methane	concentrations	were	detected	at	the	end	of	the	rising	mains.	
The	field	measurements	of	gas	monitoring	were	good	in	figuring	out	and	understanding	the	
current	 problems	 and	 conditions	 of	 the	 systems.	 It	was	 also	 a	 good	 start	 to	 conduct	 the	
following	work.	However,	gas	phase	concentrations	could	not	reflect	the	exact	concentrations	








sewer	 system,	 model	 parameters	 such	 as/especially	 the	 COD	 fractions,	 temperature	
coefficient,	 formation	 rate	 coefficients	 should	 be	 adjusted	 to	 meet	 the	 Chinese	 sewer	





also	 important.	 It	 was	 already	 proposed	 to	 test	 the	 water	 phase	 hydrogen	 sulfide	 and	
methane	concentration	by	using	Gas	Chromatography	 for	 the	 following	work.	A	couple	of	
rising	mains	with	different	diameter	but	the	similar	length	is	also	being	selected	to	test	the	
influence	of	hydraulic	condition	and	pipe	dimension	on	the	formation	of	hydrogen	sulfide	and	























process	 models.	 It	 indicates	 the	 importance	 of	 not	 only	 considering	 sewer	 hydraulic	
performance,	 but	 also	 sewer	 processes	 for	 the	 design	 of	 sewer	 systems.	 The	 models	
investigated	 the	 effect	 of	 pipe	 diameter,	 pumping	 settings,	 and	 COD	 availability	 on	 the	
formation	of	hydrogen	sulfide	in	rising	mains,	which	is	the	effect	of	A/V	ratio,	HRT	and	biofilm	
processes	 on	 sulfide	 formation.	 The	 model	 application	 can	 be	 potentially	 used	 to	 select	
optimal	pipe	diameter,	pump	operations	and	optimised	chemical	dosage	for	the	downstream.	
The	model	results	show	that	the	effect	of	pipe	diameter	on	sewer	processes	is	very	limited	
for	 small	 pipes.	 However,	 the	 effect	 is	more	 significant	 for	 larger	 pipes	 in	 terms	 of	 total	
hydrogen	sulfide	production.	It	is	also	noticeable	that	different	process	models	can	result	in	










process	model	parameters,	model	 results	 showed	 that	 the	heterotrophic	biomass,	 readily	
biodegradable	substrates,	and	the	fast	hydrolysable	substrates	are	the	most	sensitive	COD	
fractions	 in	 terms	of	wastewater	biochemical	 transformations	and	sulfide	 formation.	 Long	
term	wastewater	 sampling	 in	 a	WWTP	 in	 the	 UK	 showed	 a	 trend	 of	 increasing	 COD	 and	
decreasing	 flow	 rate.	 This	 could	 result	 from	 the	 increasing	 of	 inhabitants,	 reduced	water	
consumption,	and	also	the	introduction	of	SUDS	in	the	system.	
	
















concentration,	 which	 indicates	 the	 Chinese	 sewer	 system	 is	 certainly	 high	 methane	
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Parameters	 Description	 Typical	Value	!"#	 Heterotrophic	active	biomass	in	the	water	phase	 20-100	!"$	 Heterotrophic	active	biomass	in	the	biofilm	 ~10	!%&	 Hydrolysable	substrate,	fast	biodegradable	 50-100	!%'	 Hydrolysable	substrate,	slowly	biodegradable	 300-450	() 	 Fermentable	substrate	 0-40	(*	 Fermentable	products	(i.e.	VFAs)	 0-20	(%	 Readily	biodegradable	substrates	(() + (*)	 0-40	(-	 Dissolved	oxygen	 0-4	
































































Flow_Data = xlsread('Flow_Aver.xlsx'); % Read Excel into Matlab 
  
V_water = 0.3; 
T_start = []; 
T_stop = []; 
flag = 0; 
Flags = []; 
V_waters = []; 
for ii = 1:length(Flow_Data) 
    if flag == 0; 
        if V_water>=1.175 
            flag = 1; 
            V_water = V_water+Flow_Data(ii,2)*1e-3-9.72*1e-3; 
            T_start = [T_start;ii]; 
        else 
            V_water = V_water+Flow_Data(ii,2)*1e-3; 
        end 
    end 
     
    if flag ==1; 
        if V_water<=0.3 
            flag = 0; 
            V_water = V_water+Flow_Data(ii,2)*1e-3; 
            T_stop = [T_stop;ii]; 
        else 
            V_water = V_water+Flow_Data(ii,2)*1e-3-9.72*1e-3; 
        end 
    end 
    Flags = [Flags;flag]; 







TT_start = datestr(Flow_Data(T_start,1),'HH:MM:SS'); 











% Import Constants from Constants_Aerobic 
Constants_Aerobic 
  
dt = 1/(60*60*24);  
Results = []; 
for t0 = 0:dt:0.1%(60*60*24) 
    rgrw = uHO2*(Ss)/(KSw+Ss)*SO/(KO+SO)*XHw*aw^(Temp-20); 
    rgrf = k*SO^0.5*Yhf/(1-Yhf)*(Ss)/(Ksf+Ss)*AV*af*(Temp-20); 
    rmaint = qm*SO/(KO+SO)*XHw*aw^(Temp-20); 
    rhydr1 = kh1*(Xs1/XHw)/(KX1+(Xs1/XHw))*SO/(KO+SO)*(XHw+e*XHf*AV)*aw^(Temp-20); 
    rhydr2 = kh2*(Xs2/XHw)/(KX2+(Xs2/XHw))*SO/(KO+SO)*(XHw+e*XHf*AV)*aw^(Temp-20); 
    XHf = XHf+dt*rgrf; 
    Xs1 = Xs1+dt*(-rhydr1); 
    Xs2 = Xs2+dt*(-rhydr2); 
    SO = SO-dt*((((1-Yhw)/Yhw)*rgrw)+((1-Yhf)/Yhf)*rgrf+rmaint);     
    if Ss >= rmaint 
        XHw = XHw+dt*(rgrw); 
        Ss = Ss+dt*(((-1/Yhw)*rgrw)+((-1/Yhf)*rgrf)-rmaint+rhydr1+rhydr2); 
    else 
        XHw = XHw+dt*(rgrw-rmaint); 
        Ss = Ss+dt*(((-1/Yhw)*rgrw)+((-1/Yhf)*rgrf)+rhydr1+rhydr2); 
    end   
    Results = [Results;[t0 rgrw rmaint rgrf rhydr1 rhydr2 XHw Ss Xs1 Xs2 SO]];    
    if SO <=0; 
        SF = Ss*2/3; 
        SA = Ss - SF; 
        t1=t0; 
        Constants_Aerobic2 
       Constants_Sulfur_Cycle 
 
dt = 1/(60*60*24); 
Results2 = []; 
R_aa = []; 
for t = t1:dt:(t1+10/24)%(60*60*24) 
    rferm = qferm*(SF/(kferm+SF))*(KO/(KO+SO))*(XHw+e*XHf*AV)*a^(Temp-20); 
    rhydrana1 = Nhana*kh1*(Xs1/XHw)/(KX1+(Xs1/XHw))*(KO/(KO+SO))*(XHw+e*XHf*AV)*a^(Temp-
20); 
    rhydrana2 = Nhana*kh2*(Xs2/XHw)/(KX2+(Xs2/XHw))*(KO/(KO+SO))*(XHw+e*XHf*AV)*a^(Temp-
20); 
    rd = dHana*(KO/(KO+SO))*XHw*a^(Temp-20); 
    XHw = XHw+dt*(-rferm); 
    SF = SF+dt*(rhydrana1+rhydrana2-rd); 
    SA = SA+dt*rd; 
    Xs1 = Xs1+dt*(-rhydrana1); 
    Xs2 = Xs2+dt*(rferm-rhydrana2); 
    % sulfur cycle anaerobic part  
    ra = aa*((SF+SA+Xs1)^0.5)*(KO/(KO+SO))*AV*a^(Temp-20); 
    S_II = S_II+dt*ra; 
    SSO4 = SSO4 + dt*(-ra); 
    R_aa  = [R_aa ; [t ra S_II SSO4]]; 
    Results2 = [Results2;[t rferm rhydrana1 rhydrana2 rd XHw SF+SA Xs1 Xs2 0 SF SA ra S_II 
SSO4]]; 
end 
        break 
    end         
end 
RH2Send = R_aa(:,[1 3]); 
 
L = (length(Results)+length(Results2)+length(Results3)); 














% Import Constants from Constants_Aerobic 
Constants_Aerobic 
  
dt = 1/(60*60*24);  
Results = []; 
for t0 = 0:dt:0.1%(60*60*24) 
    rgrw = uHO2*(Ss)/(KSw+Ss)*SO/(KO+SO)*XHw*aw^(Temp-20); 
    rgrf = k*SO^0.5*Yhf/(1-Yhf)*(Ss)/(Ksf+Ss)*AV*af*(Temp-20); 
    rmaint = qm*SO/(KO+SO)*XHw*aw^(Temp-20); 
    rhydr1 = kh1*(Xs1/XHw)/(KX1+(Xs1/XHw))*SO/(KO+SO)*(XHw+e*XHf*AV)*aw^(Temp-20); 
    rhydr2 = kh2*(Xs2/XHw)/(KX2+(Xs2/XHw))*SO/(KO+SO)*(XHw+e*XHf*AV)*aw^(Temp-20); 
    XHf = XHf+dt*rgrf; 
    Xs1 = Xs1+dt*(-rhydr1); 
    Xs2 = Xs2+dt*(-rhydr2); 
    SO = SO-dt*((((1-Yhw)/Yhw)*rgrw)+((1-Yhf)/Yhf)*rgrf+rmaint);     
    if Ss >= rmaint 
        XHw = XHw+dt*(rgrw); 
        Ss = Ss+dt*(((-1/Yhw)*rgrw)+((-1/Yhf)*rgrf)-rmaint+rhydr1+rhydr2); 
    else 
        XHw = XHw+dt*(rgrw-rmaint); 
        Ss = Ss+dt*(((-1/Yhw)*rgrw)+((-1/Yhf)*rgrf)+rhydr1+rhydr2); 
    end   
    Results = [Results;[t0 rgrw rmaint rgrf rhydr1 rhydr2 XHw Ss Xs1 Xs2 SO]];    
    if SO <=0; 
        SF = Ss*2/3; 
        SA = Ss - SF; 
        t1=t0; 
        Constants_Aerobic2 
       Constants_Sulfur_Cycle 
 
    dt = 1/(60*60*24); 
    Results2 = []; 
R_aa = []; 
 
for t = t1:dt:(t1+10/24)%(60*60*24) 
    rferm = qferm*(SF/(kferm+SF))*(KO/(KO+SO))*(XHw+e*XHf*AV)*a^(Temp-20); 
    rhydrana1 = Nhana*kh1*(Xs1/XHw)/(KX1+(Xs1/XHw))*(KO/(KO+SO))*(XHw+e*XHf*AV)*a^(Temp-
20); 
    rhydrana2 = Nhana*kh2*(Xs2/XHw)/(KX2+(Xs2/XHw))*(KO/(KO+SO))*(XHw+e*XHf*AV)*a^(Temp-
20); 
    rd = dHana*(KO/(KO+SO))*XHw*a^(Temp-20); 
    XHw = XHw+dt*(-rferm); 
    SF = SF+dt*(rhydrana1+rhydrana2-rd); 
    SA = SA+dt*rd; 
    Xs1 = Xs1+dt*(-rhydrana1); 
Xs2 = Xs2+dt*(rferm-rhydrana2); 
 
    % sulfur cycle anaerobic part SeweX sulfide rate equation  
     ra = kH2S*((SF+SA)/(Ksf+SF+SA))*(SSO4/(KSO4+SSO4))*(KO/(KO+SO))*AV*(SF/(SF+SA)); 
    SSO4 = SSO4 + dt*(-ra); 
    S_II = S_II+dt*ra; 
     
R_aa  = [R_aa ; [t ra S_II SSO4]]; 
 
    Results2 = [Results2;[t rferm rhydrana1 rhydrana2 rd XHw SF+SA Xs1 Xs2 0 SF SA ra S_II 
SSO4]]; 
end 
        break 
    end         
end 














% RRestime = []; 
% RH2S = []; 
% WATS_Pro; 
% RH2S = [Results2(:,1) Results2(:,end-1)]; 
  
load('RH2S.mat') 
Flow_Data = xlsread('Flow_Aver_7hb.xlsx'); % Read excel into Matlab 
  
V_water = 0.3; 
T_start = []; 
T_stop = []; 
flag = 0; 
Flags = []; 
V_waters = []; 
FlagsEx = ones(4*60*60,1); 
 XT = []; 
for ii = 1:length(Flow_Data) 
    ii 
    if flag == 0; 
        if V_water>=1.175 
            flag = 1; 
            V_water = V_water+Flow_Data(ii,2)*1e-3-9.72*1e-3; 
            T_start = [T_start;ii]; 
        else 
            V_water = V_water+Flow_Data(ii,2)*1e-3; 
        end 
    end 
     
    if flag ==1; 
        if V_water<=0.3 
            flag = 0; 
            V_water = V_water+Flow_Data(ii,2)*1e-3; 
            T_stop = [T_stop;ii]; 
        else 
            V_water = V_water+Flow_Data(ii,2)*1e-3-9.72*1e-3; 
        end 
    end 
    Flags = [Flags;flag]; 
    FlagsEx = [FlagsEx;flag]; 
    V_waters = [V_waters;V_water]; 
     
    T_one = 0; % pump start times 
    T_zero = 0; % pump stop times 
  
    kk = ii+4*60*60; 
    while T_one < (4*60*60); 
        if FlagsEx(kk) == 1; 
            T_one = T_one + 1; 
        else 
            T_zero = T_zero + 1; 
        end 
       kk =  kk-1; 
       [kk ii] 
    end 
    XT = [XT;T_zero]; 
     
  end 
  
    RH2Send = []; 
for ii = 1:length(XT) 
     













dt = 1/(60*60*24); 
Results = []; 
  
for t = 0:dt:0.1; 
     
    R1 = kch4h2*(H2/(Kh2ma+H2))*AV*a; 
    R2 = kch4ac*(Sac/(Kacma+Sac))*AV*a; 
    R3 = qacetog*(Sf1/(Kf+Sf1))*AV*a; 
    R4 = qacidog*(Sf1/(Kf+Sf1))*AV*a; 
    R5 = kh2sh2*(H2/(Kh2srb+H2))*(SSO4/(Kso4+SSO4))*AV*a; 
    R6 = kh2sac*(Sac/(Kacsrb+Sac))*(SSO4/(Kso4+SSO4))*AV*a; 
    R7 = kh2sprop*(Sf2/(Kprop+Sf2))*(SSO4/(Kso4+SSO4))*AV*a; 
     
    CH4 =CH4+dt*(R1+R2); 
    Sac = Sac+dt*((-R2)+R3+R4+(-R6)+R7); 
    Sf1 = Sf1+dt*((-R3)+(-R4)); 
    Sf2 = Sf2+dt*((4*R4)+(-R7)); 
    CO2 = CO2+dt*((-R1)+R2+(2*R3)+(2*R4)+(2*R6)+R7); 
    H2 = H2+dt*((-4*R1)+4*R3+(-4*R5)); 
    H2O = H2O+dt*((2*R1)+(-2*R3)+(2*R4)+(4*R5)+(2*R6)+(2*R7)); 
    SSO4 =SSO4+dt*(-R5+R6+(0.75*R7)); 
    H2S = H2S+dt*(R5+R6+(0.75*R7)); 
     




















%% Anaerobic Digestion Model 






dt = 60/(60*60*24);   
Results = []; 
flag = 0; 
for t = 0:dt:10 
%         if abs(t - 1/24*flag)<=1e-5 
%         Xch = (10*Xch+1.6221)/11; 
%         Xpr = (10*Xpr+1.6221)/11; 
%         Xli = (10*Xli+1.6221)/11; 
%         flag = flag+1 
        if abs(t - 1/24*flag)<=1e-5                    
          Xch = 0.16221; 
          Xpr = 0.16221; 
          Xli = 0.16221; 
          flag = flag+1; 
    end 
    % Rates 
    Rdis = Kdis*Xc; 
    Rhydcar = Khydch*Xch; 
    Rhydpr = Khydpr*Xpr; 
    Rhydlip = Khydli*Xli; 
    Rupsu = KMsu*(Ssu/(KSsu+Ssu))*Xsu*(Ssu/(Ssu+0.33)); 
    Rupaa = KMaa*(Saa/(KSaa+Saa))*Xaa*(Saa/(Saa+0.33)); 
    Rupfa = KMfa*(Sfa/(KSfa+Sfa))*Xfa*I2; 
    Rupva = KMc4*(Sva/(KSva+Sva))*Xc4*(1/(1+(Sbu/Sva)))*(Sva/(Sva+0.33)); 
    Rupbu = KMc4*(Sbu/(KSbu+Sbu))*Xc4*(1/(1+(Sva/Sbu)))*(Sbu/(Sbu+0.33)); 
    Ruppro = KMpr*(Spro/(KSpro+Spro))*Xpro*I2; 
    Rupac = KMac*(Sac/(KSac+Sac))*Xac*I3; 
    Ruph2 = KMh2*(Sh2/(KSh2+Sh2))*Xh2*(Sh2/(Sh2+0.33)); 
    RdeXsu = Kdec*Xsu; 
    RdeXaa = Kdec*Xaa; 
    RdeXfa = Kdec*Xfa; 
    RdeXc4 = Kdec*Xc4; 
    RdeXpro = Kdec*Xpro; 
    RdeXac = Kdec*Xac; 
    RdeXh2 = Kdec*Xh2; 
    % Contents concentrations 
    Ssu = Ssu+dt*(Rhydcar+((1-Ffali)*Rhydlip)+(-1)*Rupsu); 
    Saa = Saa+dt*(Rhydpr+(-1)*Rupaa); 
    Sfa = Sfa+dt*((1-Ffali)*Rhydlip+(-1)*Rupfa); 
    Sva = Sva+dt*(((1-Yaa)*Fvaaa)*Rupaa+(-1)*Rupfa); 
    Sbu = Sbu+dt*(((1-Ysu)*Fbusu)*Rupsu+((1-Yaa)*Fbuaa)*Rupaa+(-1)*Rupbu); 
    Spro = Spro+dt*(((1-Ysu)*Fprosu)*Rupsu+((1-Yaa)*Fproaa)*Rupaa+(-1)*Ruppro); 
    Sac = Sac+dt*(((1-Ysu)*Facsu)*Rupsu+((1-Yaa)*Facaa)*Rupaa+((1-Yfa)*0.7)*Rupfa+((1-
Yc4)*0.31)*Rupva+((1-Yc4)*0.8)*Rupbu+((1-Ypro)*0.57)*Ruppro+(-1)*Rupac); 
    Sh2 = Sh2+dt*(((1-Ysu)*Fh2su)*Rupsu+((1-Yaa)*Fh2aa)*Rupaa+((1-Yfa)*0.3)*Rupfa+((1-
Yc4)*0.15)*Rupva+((1-Yc4)*0.2)*Rupbu+((1-Ypro)*0.43)*Ruppro+(-1)*Ruph2); 
    Sch4 = Sch4+dt*((1-Yac)*Rupac+(1-Yh2)*Ruph2); 
    Xc = Xc+dt*((-1)*Rdis+RdeXsu+RdeXaa+RdeXfa+RdeXc4+RdeXpro+RdeXac+RdeXh2); 
    Xch = Xch+dt*(Fchxc*Rdis+(-1)*Rhydcar); 
    Xpr = Xpr+dt*(Fprxc*Rdis+(-1)*Rhydpr); 
    Xli = Xli+dt*(Flixc*Rdis+(-1)*Rhydlip); 
    Xsu = Xsu+dt*(Ysu*Rupsu+(-1)*RdeXsu); 
    Xaa = Xaa+dt*(Yaa*Rupaa+(-1)*RdeXaa); 
    Xfa = Xfa+dt*(Yfa*Rupfa+(-1)*RdeXfa); 
    Xc4 = Xc4+dt*(Yc4*Rupva+Yc4*Rupbu+(-1)*RdeXc4); 
    Xpro = Xpro+dt*(Ypro*Ruppro+(-1)*RdeXpro); 
    Xac = Xac+dt*(Yac*Rupac+(-1)*RdeXac); 
    Xh2 = Xh2+dt*(Yh2*Ruph2+(-1)*RdeXh2); 
     
   Results = [Results;[t Ssu Saa Sfa Sva Sbu Spro Sac Sh2 Sch4 Xc Xch Xpr Xli Xsu Xaa Xfa 
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